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ABSTRACT 
 Metallocofactors are ubiquitous in nature, serving multiple purposes in proteins.  
These metallocofactors typically act as the site of catalysis or as an electron relay to 
move electrons within the protein, or within the cell, and are very energetically costly to 
manufacture. Yet, in nature it can appear that supernumerary, or ‘auxiliary’ cofactors are 
apparent, with no clear function.  In this thesis, I address the question of what roles 
additional cofactors play, and why they are retained.   
 The radical S-adenosylmethionine (AdoMet) enzyme superfamily has displayed 
great diversity in the cofactor requirements for its members.  Some members of this 
family contain only the canonical [4Fe-4S] cluster, which reductively cleaves AdoMet to 
initiate chemistry, while others have additional [2Fe-2S] or [4Fe-4S] clusters.  Even 
greater cofactor complexity is seen with the B12-dependent subclass, featuring a 
cobalamin-binding domain in addition to the canonical FeS cluster. The majority of this 
thesis has focused on using the technique of protein film electrochemistry (PFE) to study 
members of various subclasses of this superfamily: a dehydrogenase: BtrN, two 
	  	   viii 
methylthiotransferases: MiaB and RimO, as well as OxsB and TsrM, two B12-dependent 
enzymes. By evaluating the redox properties of members of different subclasses, we have 
been able to shed light on the redox properties of this superfamily, in general, and 
observed that the redox properties of auxiliary clusters can differ widely between 
subclasses (e.g. BtrN versus MiaB).  PFE has also been used to evaluate five ferredoxins 
that are possible electron donors for MiaB from Thermotoga maritima. 
 Additionally, bacterial cytochrome c peroxidases (bCCPs) are diheme enzymes 
catalyzing the detoxification of hydrogen peroxide; however, a novel subclass of bCCPs 
containing a third heme-binding motif has been identified in enteric pathogens.  Protein 
film electrochemistry has been used to study the redox properties of Escherichia coli 
YhjA, a member of this subgroup.  Further characterization of this novel bCCP was 
achieved with electron paramagnetic resonance, optical spectroscopy, and steady-state 
kinetics.  Through characterizing YhjA and members of the AdoMet radical enzyme 
superfamily, we have shed light on the role these additional cofactors play in the 
mechanism and how these enzymes are tuned for their specific chemistries. 
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Chapter 1 	  
(This Chapter is an excerpt from a manuscript to be submitted to Accounts of 
Chemical Research) 
 The radical S-adenosylmethionine (SAM, AdoMet) enzyme superfamily is a 
diverse set of enzymes that use S-adenosylmethionine and a canonical [4Fe-4S] cluster as 
a radical initiating system for their various and reactions (Figure 1.1).  The AdoMet 
Radical (AR) enzyme superfamily is rapidly expanding with bioinformatics analysis 
identifying more than 118,000 members.1	  AR enzymes are involved in central functions 
such as the biosynthesis of complex cofactors,2 modification of tRNA,3,4 and biosynthesis 
of antibiotics.5,6,7  All of these reactions are believed to be initiated by the abstraction of a 
hydrogen atom from the substrate.8  AdoMet radical enzymes contain a unique [4Fe−4S] 
 
Figure 1.1. (A) Reductive cleavage of AdoMet to generate methionine and a 5’-
deoxyadenosyl 5’-radical.  Structures of (B) S-adenosylhomocysteine (SAH) and (C) 
3’,4’-anhydro-5’-adenosylmethionine discussed in this chapter. 
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cluster, typically found in a conserved CXXXCXXC motif, with an open coordination 
site at one of the iron ions, which coordinates the α-carboxyl and α-amino groups of 
AdoMet in a bidentate fashion (Figure 1.2).  In order to initiate catalysis, the AR enzyme  
[4Fe−4S]+2 cluster is reduced to the [4Fe−4S]+1 state, allowing for inner-sphere electron 
transfer from the [4Fe−4S]+1 cluster to AdoMet, leading to the homolytic cleavage of the 
S-C5’ bond of AdoMet.  This generates methionine and a 5’-deoxyadenosyl 5’-radical (d-
Ado•), which then abstracts a hydrogen atom from the substrate to generate a substrate 
radical and 5’-deoxyadenosine (d-Ado).8	   Recent	   advents	   in	   the	   AR	   field	   include	   an	  appreciation	   that	  many	  AR	  enzymes	   include	  one	  or	  additional	   [4Fe-­‐4S]	   “auxiliary”	  clusters,	  and	  yet	  others	  appear	  to	  bind	  cobalamin	  as	  a	  cofactor	  in	  addition	  to	  an	  FeS	  cluster.	  Thus,	  while	  the	  fundamental	  steps	  of	  chemistry	  have	  been	  delineated	  for	  AR	  enzymes,	   many	   open	   questions	   linger	   in	   trying	   to	   understand	   how	   AR	   enzymes	  function,	   and	   achieve	   their	   startling	   array	   of	   chemistries:	   What	   are	   the	   redox	  
properties	  of	   the	  AdoMet-­‐binding	  [Fe4S4]	  cluster?	  Are	   they	   the	  same	   in	  all	  AREs?	  Are	  
auxiliary	  clusters	  redox	  active?	  Why	  do	  they	  appear	  to	  be	  necessary	  in	  some	  classes	  of	  
ARE	  chemistry?	  Given	   that	  any	  ARE	  starts	   its	   chemistry	  by	  making	  Ado•,	  why	  would	  
nature	   devise	   a	   Cbl:ARE,	   which	   presumably	   has	   two	   means	   to	   make	   the	   adenosyl	  
radical?	  This	  thesis	  describes	  efforts	  to	  understand	  complex	  redox	  enzymes,	  such	  as	  those	  of	   the	  AR	   family,	   by	   first	  delineating	   the	   redox	  potentials	  of	   the	  AR	  enzyme	  cofactors	   themselves.	  Here,	  we	  summarize	   the	  efforts	  made	   in	   the	   field	   to	  grapple	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with	   these	   enzymes,	   and	   recent	   advents	   in	  measuring	   and	   interpreting	   the	   redox	  characteristics	  of	  AR	  enzymes. 
 
Figure 1.2. Depiction of the AdoMet radical [4Fe−4S] cluster of BtrN with AdoMet 
bound using PDB entry 4M7T.   
 
1.1 Reduction potentials of homolytic cleavage of AdoMet 
 The homolytic cleavage of the carbon-sulfur bond is a high-energy reaction.  The 
one-electron reduction of sulfonium ions in aqueous solution have been determined and 
the potential of a trialkyl sulfonium ion was measured to be -1.6 V, while the potential for 
a one-electron reduction of a trimethylsulfonium ion is -1.85 V.9.  As the sulfonium 
group in AdoMet does not include an aryl substituent, but two higher alkyl substituents, 
the reduction potential will be slightly less negative than that of the trimethylsulfonium 
ion but lower than an aryl, vinyl or allyl substituent.  Based on these chemical arguments, 
the reduction potential of AdoMet has been estimated to be -1.8 V.10	   Thus	   for	   a	  reductive cleavage to occur in an AR enzyme, the potential of the [4Fe−4S]+2/+1 redox 
couple should be similarly low in value for significant amounts of d-Ado• to be formed.  
As described below, all preliminary studies on AdoMet radical enzymes indicated that 
while the reduction potential for the cluster was low (largely due the requirement for a 
	  
	  	   4	  
strong chemical reductant like dithionite to observe activity), the observed potentials 
might be far less negative than the proposed reduction potential for the cleavage of 
AdoMet, indicating a large thermodynamic barrier that must be overcome for catalysis to 
occur.	  11   
 
1.2 Electron donors for AdoMet radical enzymes 
 While reactivity of AR radical enzymes is dependent on the [4Fe−4S] cluster 
being reduced to the +1 oxidation state, the biological reductant(s) for AdoMet radical 
enzymes has never been directly identified.  However, one of the earliest successes in AR 
enzymology found that the FeS cluster of  E. coli pyruvate formate lyase activating 
enzyme (PFL-AE) could be reduced by E. coli flavodoxin.12 And the same flavodoxin 
has also been found to reduce E. coli anaerobic ribonucleotide reductase and biotin 
synthase by supplying reducing equivalents from NADPH via ferredoxin (flavodoxin): 
NADP+ reductase.13,14,15,16	   Thus,	   the	   E. coli-based ferredoxin (flavodoxin): NADP+ 
reductase system has been used as the reductant in assays with lysine 2,3-aminomutase 
originating from an entirely different organism, Porphyromonas gingivalis.17 Since the 
discovery that the E. coli system can serve as an electron donor for AdoMet radical 
enzymes from different species, it is frequently used as a successful, albeit possibly non-
native reductant in AdoMet radical enzyme assays of activity.  Dithionite has been used 
as an alternative chemical reductant as its low reduction potential (-660 mV)18 is 
sufficiently low in potential to support turnover. However, assays of AdoMet radical 
enzymes with dithionite have shown unproductive, so-called ‘abortive’ cleavage with 
	  	   5	  
dithionite, where the generation of dAdo appears to be uncoupled to the production of 
product.  The unproductive cleavage observed is typically much lower when using the E. 
coli flavodoxin ferredoxin (flavodoxin): NADP+ reductase system, which has a reduction 
potential of -433 mV (vs. NHE)19.  The potentials of reducing systems capable of 
supporting turnover provides some indication of the reduction potential of the FeS cluster 
in AdoMet radical enzymes, as these reductants would not be able to reduce the cluster if 
the potentials were not compatible. And yet, from these earliest experiments, it was clear 
that a better refined set of tools would be require to monitor the redox potentials of AR 
enzymes.   
 
1.3  First efforts in illuminating AR redox potentials: Lysine 2,3-aminomutase 
 The first extensive study on the redox properties of an AdoMet radical enzyme 
was performed by Frey and coworkers on lysine 2,3-aminomutase (LAM), which 
catalyzes the conversion of L-α-lysine to L-β-lysine.  The reduction potential of the 
[4Fe−4S]+2/+1 couple was measured using the method of EPR-detected 
spectroelectrochemical titrations with various ligands bound to the open coordination site 
of the cluster.20,11 These studies indicated that the reduction potential of the [4Fe−4S]+2/+1 
couple in LAM is -480 mV and shifts positive in potential to -430 mV with AdoMet 
bound to the cluster (Figure 1.3).20	  This is far removed from the estimated reduction 
potential of AdoMet in solution (-1.8 V), representing a 32 kcal/mol barrier.  This barrier 
must be lower in the active site of LAM for catalysis to occur.   
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Figure 1.3. Energy diagram of lysine 2,3-aminomutase, with the reduction potential of 
the [4Fe−4S] cluster displayed in blue and reduction potential of AdoMet shown in red, 
adapted from Wang and Frey.11  
 
 The most relevant reduction potential for the AdoMet radical cluster would be for 
the Michaelis complex poised for reaction; however, the reaction would proceed under 
these conditions, preventing analysis of the reduction potential.  To achieve an estimate 
for the reduction potential of the Michaelis complex, the reduction potential was 
determined for structurally similar complexes, where S-adenosylhomocysteine (SAH) 
was used in place of AdoMet and alanine (or alanine and ethylamine) were used in place 
of lysine.  These complexes demonstrated that binding of lysine, or alanine, significantly 
lowers the midpoint potential of the AdoMet radical cluster.  When alanine was used 
along with AdoMet, a potential of -582 mV was measured, whereas alanine with SAH 
had a potential of -566 mV (Table 1.1).  Using lysine with SAH displayed a midpoint 
potential of -583 mV.  The lowest midpoint potential of -594 mV was measured with 
SAH and alanine with ethylamine.   These results taken together indicated that the lysyl 
Energe1cs,of,Radical,SAM,Enzymes,
E°#(mV)#
[4Fe54S]#
E°#(mV)#
AdoMet#
R3S+#(AdoMet)# 51800##
5480##
E5[4Fe54S]#
E5[4Fe54S]5AdoMet#Lys##5990##
E5[4Fe54S]5AdoMet#
5430##
E5[4Fe54S]5AdoMet#Lys##
5600##
390#mV#
Adapted,from,Wang,,S.,,Frey,,P.,Biochemistry,,2007.,,
ΔG#=#32#kcal/mol#
ΔG#=#9#kcal/mol#
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side chain is important for a 17-28 mV lowering of the potential.  Therefore, the 
Michaelis complex was expected to have a midpoint potential in the range of -599 mV to 
-610 mV, determined by adjusting the midpoint potential of the AdoMet and alanine 
complex, and -600 mV was used as an estimate.11 All of these measurements were 
performed using the method of spectroelectrochemical titrations, which requires the use 
of external mediators that can influence results.  Additionally, these measurements used 
EPR spectroscopy to measure the reduction of the [4Fe−4S]+2 cluster as the development 
of the EPR observable [4Fe−4S]+1 signal.   
 
Table 1.1.  Reduction potentials for the [4Fe−4S]+2/+1 couple in complexes of lysine 2,3-
aminomutase. 
Complex E°  (mV) Reference 
E-[4Fe−4S]-AdoMet -430 20 
E-[4Fe−4S]-SAH -460 20 
E-[4Fe−4S]-anAdoMet -484 11 
E-[4Fe−4S]-AdoMet, Ala -582 11 
E-[4Fe−4S]-SAH, Ala -566 11 
E-[4Fe−4S]-SAH, Ala/EtNH3+ -594 11 
E-[4Fe−4S]-SAH, Lys -583 11 
 
 Using this estimated reduction potential for the [4Fe−4S] cluster in the Michaelis 
complex (E°1 in eq. 1), the potential for the reductive cleavage of AdoMet in the active 
site of LAM was calculated (E°2).    To calculate this, ΔE° for the overall reaction (eq. 3) 
was first needed to calculate ΔG°pH 8 using the relation ΔG°pH 8 = -RT ln Keq and ΔG°pH 8 = 
-nFΔE°, where n is the number of electrons and F is the Faraday constant (23 
kcal/mol⋅V).   
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E− 4Fe− 4S   !! − AdoMet. Lys ⇌ E− 4Fe− 4S   !! − AdoMet. Lys+ 𝑒!      𝐸°! =+600  mV    (𝑒𝑞. 1)    E-­‐ 4Fe-­‐4S +2-­‐AdoMet.  Lys+  e!      ⇌    E-­‐ 4Fe-­‐4S +2-­‐Met.dAdo⋅.  Lys+  e!        𝐸°!            (eq.  2)  
 E-­‐ 4Fe-­‐4S +1-­‐AdoMet.  Lys    ⇌    E-­‐ 4Fe-­‐4S +2−Met.dAdo⋅.  Lys            ΔE°=E°1+  E°2        (eq.3)   E-­‐[4Fe-­‐4S]+1-­‐anAdoMet.  Lys      ⇌    E-­‐[4Fe-­‐4S]+2-­‐Met.anAdo⋅.Lys                                                          (eq.  4)  
 The equilibrium constant for reaction 3 could not be measured directly because 
the reaction proceeds forward too rapidly and the value is too small to measure by 
available analytical methods.  Therefore, the equilibrium constant for the related reaction 
(eq. 4) using 3’,4’-anhydro-5’-adenosylmethionine (anAdoMet), which generates 
anAdo•, was measured (eq. 4).  anAdoMet functions normally in place of AdoMet, but at 
a much slower rate due to the stability of the allylic radical, which is much less reactive 
in abstracting a hydrogen atom.  The radical anAdo• is an analogue of d-Ado• that is 
observable in EPR, allowing for determination of Keq as 6.2 x 10-2, which corresponds to 
ΔG° = 1.6 kcal/mol.  LAM is present as a dimer and this equilibrium constant was based 
on the subunit concentration of LAM and the assumption that the subunits were both 
active and function independently.  If only one dimer was functional, the equilibrium 
constant would be 0.12, giving an uncertainty of a factor of two (~ 2 kcal/mol).    
The value for the reaction of the reductive cleavage of AdoMet was calculated 
using the ΔG° for the anAdoMet reaction and the relative energies of d-Ado• and 
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anAdo•.  The Co-C5’ bond dissociation energy for adenosylcobalamin and 3’,4’-
anhydroadenosylcobalamin have been determined to be 31 kcal/mol21 and 24 kcal/mol22, 
respectively, giving a 7 kcal/mol difference in enthalpy for d-Ado• and anAdo•. 
Assuming that the entropy differences of equations 3 and 4 are the same, the enthalpy 
difference will be approximately the same as the free energy difference for these radicals 
at the active site of LAM. The value for ΔG°pH 8 for eq. 3 can be estimated by correcting 
the standard free energy of eq. 4 for the energy difference between the two radicals. This 
gives a value for ΔG°pH 8 of 8.6 kcal/mol and the value for ΔE°2 is -390 mV.  Using the 
value of ΔE°2 of -390 mV and the estimated reduction potential for the Michaelis 
complex of -600 mV, the reductive cleavage of AdoMet in the active site of LAM was 
calculated to be -990 mV (Figure 1.3).11 This calculated reduction potential for the 
cleavage of AdoMet in the active site of LAM corresponds to a 9 kcal/mol energy barrier, 
a significant decrease from the prediction reduction potential for AdoMet in solution.   
 
1.4 Other efforts to determine AR enzyme redox potentials: Sulfur Insertion and 
BioB 
 Potentiometric titrations have been used with biotin synthase (BioB) to measure 
the reduction potential.  BioB is a sulfur insertion AdoMet radical enzyme that contains a 
[2Fe−2S] cluster in addition to the canonical AdoMet radical [4Fe−4S] cluster and 
catalyzes the conversion of dethiobiotin into biotin through insertion of a sulfur atom 
between the C6 and C9 carbon atoms of dethiobiotin.  In BioB, the [2Fe−2S] cluster is 
believed to serve a sacrificial role in catalysis, providing the sulfur for insertion into 
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biotin.23 The cluster content of BioB can vary based on reconstitution and assay 
conditions used.  Reconstituted BioB containing two [4Fe−4S] clusters per monomer was 
reduced with two barely distinguishable potentials of -440 mV and -505 mV.  Here, the 
spectral changes from 420-480 nm and 550-625 nm were monitored.  Plotting the 
decrease of absorbance at 550 nm fit to a single potential of -505 mV, whereas the 
decrease in absorbance at 420 nm fit to two potentials of -440 mV and -505 mV.  BioB 
can also be reconstituted to contain a single [4Fe−4S] cluster, which displayed a single 
midpoint potential of -440 mV.  These results suggested that BioB has a specific binding 
site for a [4Fe−4S] cluster with a midpoint potential of -440 mV.  The native BioB 
enzyme is believed to contain a [2Fe−2S] cluster and the AdoMet radical [4Fe−4S] 
cluster.  This form of the enzyme reduced with a single potential of -430 mV, and had a 
fit consistent with two independent one-electron reductions.  This potential for the 
[4Fe−4S] cluster lies within the error for the potential of -440 mV measured with the 
other two forms of BioB, indicating that the [4Fe−4S] AdoMet radical cluster has a 
potential of -440 mV, similar to the value for the cluster in LAM.23 These results suggest 
that members of this superfamily may feature common redox properties.  
 In the case of these potentiometric titrations with BioB, the reduction was 
monitored via UV-vis spectroscopy, where the reduction of the clusters was assessed by 
the bleaching of broad features as the clusters were reduced.  The features monitored are 
not very pronounced, making accurate quantification difficult.  Additionally, as in the 
case of the lysine 2,3-aminomutase spectroelectrochemical titrations, an external 
mediator was required.  Here, methyl viologen was used, which contributes to the 
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spectrum at 395 nm and a broad feature at 600 nm, making the analysis even more 
complicated.   Collectively, these challenges have underscored the need for modern 
electrochemical methods to determine the redox potentials of AR enzymes directly. 
 
1.5 Bringing direct electrochemistry to AR enzyme: BtrN and auxiliary clusters 
 All of the characterized members of the dehydrogenase subclass of AdoMet 
radical enzymes to date have been found to contain at least one additional [4Fe−4S] 
cluster.24,25,26  BtrN from Bacillus circulans contains an auxiliary [4Fe−4S]	  cluster and 
catalyzes the conversion of deoxyinosamine (DOIA) to amino-deoxyinosose (amino-
DOI).6,27,25 In contrast to the features observed for the auxiliary cluster in MiaB, EPR 
experiments on BtrN indicated that the auxiliary cluster was too low in potential to be 
reduced with dithionite or titanium citrate.25  Protein film electrochemistry was used to 
measure the reduction potentials of the clusters in BtrN and displayed two features with 
potentials of -510 mV and -765 mV (Figure 1.4A).  Use of the Cys-16,20,22-Ala triple 
variant, which contained only the auxiliary cluster, confirmed the assignment of the 
AdoMet radical cluster as the -510 mV feature, and the auxiliary cluster as the low 
potential feature at -765 mV, the lowest reported reduction potential for a [4Fe−4S]+2/+1 
cluster to date (Figure 1.4B).1 The reports for lysine 2,3-aminomutase and BioB were 
performed at pH 8; however, the potential of the AdoMet radical cluster was reported to 
be independent of pH.  Analysis of the reduction potentials of BtrN as a function of pH 
indicated a proton-coupled to electron transfer for the AdoMet radical [4Fe−4S] cluster, 
the first reported PCET for an AdoMet radical enzyme to date.   
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Figure 1.4.  Cyclic voltammograms of (A) wild-type and (B) Cys-16,20,22-Ala BtrN 
mutant, devoid of the AdoMet radical cluster. The baseline responsed of the electrode is 
shown as the dashed line and the baseline-corrected data is shown as the inset. Data was 
collected at 100 mV/s, pH 8, 10 °C.  This figure will be recapitulated in Chapter 2 as 
Figure 2.2.   
 
To further characterize the redox properties of BtrN, the impact of substrate was 
assessed.  As observed with LAM, in the presence of AdoMet, the potential of the 
AdoMet radical cluster shifts more positive in potential by +80 mV, ensuring reduction 
by biological reducing systems (Figure 1.5).  Using the products of the cleavage reaction, 
5’-deoxyadenosine and methionine, along with the substrate DOIA displayed a -30 mV 
shift lower in potential for the AdoMet radical cluster, while the auxiliary cluster 
maintained the -765 mV potential, further indicating control of the redox properties 
throughout the catalytic cycle.  Use of the product, amino-DOI, along with SAH (or d-
Ado and Met) would provide further insight into the redox properties of BtrN; however, 
amino-DOI is not commercially available. These results further demonstrate the fine 
control AdoMet radical enzymes have over the redox properties of the FeS clusters.  
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Figure 1.5.  Reduction potentials of the [4Fe−4S]+2/+1 clusters in BtrN, with the AdoMet 
radical cluster shown in blue and the auxiliary cluster shown in red.  
 
 
1.6  Reassessing Sulfur insertion and redox chemistry of AR enzymes MiaB/RimO  
 The sulfur insertion AdoMet radical enzymes also contain the 
methylthiotransferases, such as MiaB and RimO.  These enzymes contain two [4Fe−4S] 
clusters, one of which is the canonical AdoMet radical [4Fe−4S] cluster, and the auxiliary 
[4Fe−4S] cluster is proposed to be destroyed in catalysis, similar to BioB.28,29,30,31,4   
MiaB is responsible for the attachment of a methylthio-group on tRNA.  The reduction 
potential of MiaB from Thermotoga maritima was originally determined to be -495 mV 
via differential pulse voltammetry when the protein was believed to contain a single 
cluster.3 When MiaB was later purified with two [4Fe−4S] clusters, the auxiliary cluster 
was found in the reduced state as-isolated, indicating a higher reduction potential than the 
AdoMet radical cluster.4  Recent studies on the MiaB from Bacteroides thetaiotaomicron 
(Bt) using protein film electrochemistry have determined the potentials for both clusters.  
PFE of Bt MiaB displayed a single feature consistent with two one-electron centers with 
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reduction potentials of -450 mV and -390 mV (Figure 1.6).  Assignment of the potentials 
was achieved using the triple variant devoid of the AdoMet radical cluster, displaying 
only the higher potential, confirming the assignment of the -450 mV feature as the 
AdoMet radical cluster.     
 
Figure 1.6.  Square wave voltammograms of wild-type (black) and the Cys-171,175,178-
Ala mutant (red) of MiaB from Bacteroides thetaiotaomicron.  The raw data is shown in 
the solid lines and the baseline-corrected data is shown as the dashed lines. Data was 
collected at 10 Hz, Eamp = 20 mV, pH 8, 10 °C.  This figure will be recapitulated as 
Figure 3.3B in Chapter 3.   
 
 As MiaB uses two molecules of AdoMet, one as a methyl donor and one as the 
canonical AdoMet radical enzyme radical initiator, the impact of AdoMet binding was 
complicated.  Addition of AdoMet resulted in a narrowing of the feature observed along 
with an increase in intensity, which was followed by the formation of a low potential 
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peak at -620 mV (Figure 1.7).  To analyze these features, S-adenosylhomocysteine was 
 
Figure 1.7.  Reduction potentials of the two [4Fe−4S]+2/+1 clusters in MiaB.   
 
used as an analogue of AdoMet, and caused a narrowing of the feature observed, along  
with an increase in current, consistent with the AdoMet radical cluster shifting positive in 
potential upon binding SAH.  This shift positive in potential was reported for LAM in the 
presence of both SAH and AdoMet.20 Sodium methanethiolate (NaSCH3) was used as an 
analogue of the methyl group formed from the demethylation of AdoMet.  Addition of 
NaSCH3 resulted in a slow shift to low potential for the feature observed, suggesting that 
the methyl group binds to, or near, the auxiliary cluster and lowers the potential.  These 
results, along with the data on lysine 2,3-aminomutase, indicate that AdoMet radical 
enzymes modulate the potential of the [4Fe−4S] clusters throughout the catalytic cycle.   
 
1.6 B12-dependent AR enzymes 
 A subset of AdoMet radical enzymes has been identified as containing a 
cobalamin-binding domain, along with the canonical AdoMet radical domain with the 
CXXXCXXC cluster-binding motif.32,5,33,34 To date, very little is known about how these 
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domains participate in the function of the enzymes and the redox properties of the Cbl are 
even less well understood.   
 Cobalamin is a complex cofactor capable of achieving three different oxidation 
states, Co(III), Co(II), and Co(I),  which all feature different coordination and redox 
properties.  The ligands of Cbl can also vary, affecting redox properties of the cofactor.  
Lexa and Savéant performed the most extensive study on the redox properties of Cbl 
using aquocobalamin (AqCbl), depicted in Figure 1.8.35,36 However, very little data is 
available on the common enzymatic forms methylcobalamin (MeCbl) and 
adenosylcobalamin (coenzyme B12).  The III/II couple of both coenzyme B12 and MeCbl 
have been estimated to be out of the reach of biological reducing systems with potentials 
of -1.5 V37 and -1.6 V38, respectively.  Additionally, it is not known how the protein 
environment will influence the potential of the Cbl cofactor.   
 
Figure 1.8. Pourbaix diagram of the states of aquocobalamin, with the III/II redox couple 
(red squares) and the II/I redox couple (black squares).  The reduction potential for the 
II/I redox couple in methionine (MetH) is shown in cyan and corrinoid iron-sulfur protein 
is shown in magenta.   
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 The reduction potential for the cobalamin cofactor in two proteins has previously 
been determined for methionine synthase (MetH) and corrinoid iron-sulfur protein 
(CobFeS).  For the corrinoid iron-sulfur protein, the potential of the Co(II)/Co(I) couple 
was measured using spectroelectrochemical titrations, where methyl viologen and triquat 
were used as external mediators and the reduction was monitored by following the signal 
of the EPR detectable form of cob(II)alamin. The potential of the cobalamin II/I couple 
for Cob/FeS was measured to be -504 mV at pH 7.6.39 For methionine synthase, the 
reduction potential of the cobalamin II/I couple was measured to be -490 mV at pH 7 and 
displayed a -56 mV/pH unit slope, consistent with proton-coupled electron transfer.40 
Here, methyl viologen was used as a mediator and the cell potential was determined from 
the concentration of reduced versus oxidized methyl viologen.  The concentration of 
cob(II)alamin versus cob(I)alamin was determined by using the absorbance at 474 nm, 
due to the distinct spectroscopic features that cobalamin displays in each oxidation state.   
While these are not AdoMet radical enzymes, the measurement of the reduction potential 
of the cobalamin cofactor in these proteins, provides some guidance about the redox 
properties of cobalamin. However, the active form of these cofactors is methylcobalamin, 
which was unable to be measured in these experiments.   
 The redox properties for the B12-dependent AdoMet radical enzymes TsrM and 
OxsB, which both use methylcobalamin, have recently been measured.  TsrM catalyzes 
the methylation of tryptophan in the biosynthesis of the antibiotic thiostrepton A.  As-
isolated TsrM was analyzed with protein film electrochemistry and displayed two 
features in the cyclic voltammogram with potentials of -550 mV and -140 mV (Figure 
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1.9A).  This sample contained a mixture of forms of cobalamin and the -140 mV feature 
was assigned to the aquocobalamin III/II couple and the -550 mV feature was assigned to 
the aquocobalamin II/I couple and the AdoMet radical iron-sulfur cluster.  A methylated 
sample of methylcobalamin-containing TsrM displayed a single feature in the cyclic 
voltammogram at -560 mV, assigned to the FeS cluster (Figure 1.9B).    Similarly, OxsB 
reconstituted with AqCbl displayed features at -550 mV and -150 mV, assigned to the 
aquocobalamin (II/I) couple and the FeS cluster, and the aquocobalamin (III/II) couple, 
respectively. The methylcobalamin OxsB sample had a single feature in the cyclic 
voltammogram at -535 mV for the FeS cluster.  In both TsrM and OxsB, the reduction 
potential for the methylcobalamin (III/II) couple was not measured, as methylcobalamin 
is not expected to have a reversible reduction.   
 
Figure 1.9.  Cyclic voltammograms of (A) as-isolated and (B) methylcobalamin TsrM, 
where the dashed line represents the baseline response of the electrode and the inset is the 
baseline-corrected data. Data was collected at 100 mV/s, pH 8, and 10 °C.  This figure 
will be recapitulated in Chapter 5 as Figure 5.3. 
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To further explore the redox properties of the methylcobalamin TsrM sample, 
product and substrate were used to determine the impact of binding on the potential 
observed.  The addition of AdoMet caused a positive shift in potential for TsrM, as seen 
with the other AdoMet radical enzymes discussed above.  This is notable, as AdoMet has 
not been shown to bind to the [4Fe−4S] cluster in TsrM.  Further analysis of TsrM was 
performed with product, SAH, and the substrate, tryptophan, where the midpoint 
potential displayed the same positive shift in potential seen with AdoMet and SAH alone 
(Table 1.2).   
 
Table 1.2.  Reduction potentials reported for the [4Fe−4S]+2/+1 cluster of TsrM.   
Complex E°  (mV) 
TsrM -560 
TsrM-AdoMet -535 
TsrM-SAH -510 
TsrM-SAH, Trp -510 
 
1.7 Conclusion and Outlook 
 The AdoMet radical enzyme superfamily catalyzes a diverse and stunning array o 
reactions, where the reduction potential of the [4Fe−4S]+2/+1 cluster has attracted much 
interest due to its ability to perform the reductive cleavage of AdoMet.  Until recently, 
very little information has been available on the redox properties of members of this 
family, due to the typically buried nature of the [4Fe−4S] cluster. The ability to use 
spectroelectrochemical titrations and protein film electrochemistry with members of this 
family has allowed for elucidation of the redox properties and demonstrated general traits 
amongst the members studied, where the redox properties are modulated in the presence 
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of substrate.  Further characterization of other subclasses of this family, particularly those 
containing auxiliary cofactors, will provide further insight into how these members are 
tuned for their specific chemistries.   
 The majority of this thesis is focused on the electrochemical characterization of 
AdoMet radical enzymes, and the snapshots illustrated above will be described herein in 
detail.  Chapter 2 studied the AdoMet radical enzyme BtrN from the dehydrogenase 
subclass, containing two [4Fe−4S] clusters. The methylthiotransferases MiaB and RimO 
were characterized in Chapter 3.  These enzymes also contain an auxiliary [4Fe−4S] 
cluster; however, the redox properties of the auxiliary cluster are very different than the 
auxiliary cluster of BtrN, allowing for comparison between subclasses.   Electrochemical 
analysis was also performed on five ferredoxins from Thermotoga maritima to evaluate 
their ability to serve as the electron donor for MiaB, are presented in Chapter 4, to again 
return to how an organism can deliver reduction equivalents to an AR enzyme. Chapter 
5 describes the electrochemical characterization of OxsB and TsrM, two B12-dependent 
AdoMet radical enzymes that use a methylcobalamin cofactor in addition to the canonical 
AdoMet radical [4Fe−4S] cluster.   
 Chapter 6 switches focus, to examine the complex heme-containing enzyme 
YhjA from Escherichia coli, which is a predicted bacterial cytochrome c peroxidase.  As 
this tri-heme motif is unique to YhjA and its orthologs from enteric pathogens, YhjA was 
characterized to evaluate its activity and electronic properties to understand the 
importance of the third heme and to compare to canonical bacterial cytochrome c 
peroxidases.   
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Chapter 2 
(This work is a reformatted version of Maiocco et al, JACS, 2015, 137 (27), p. 8664-
8667.) 
2.1 Introduction 
The S-adenosylmethionine (AdoMet) radical enzyme superfamily catalyzes a 
diverse and stunning array of unusual biological transformations, including key steps in 
the biosynthesis and repair of DNA, the biosynthesis of antibiotics and other medicinally 
relevant natural products, and the biosynthesis of enzyme cofactors.8, 41-47 All enzymes in 
this superfamily contain at least one [4Fe-4S] cluster in which three of its four iron ions 
are coordinated by cysteine residues typically found in a CxxxCxxC motif.48  The fourth 
iron ion has available coordination sites to bind to the α-amino and α-carboxylate groups 
of AdoMet in a bidentate manner.  AdoMet is then reductively cleaved to generate a 5’-
deoxyadenosyl 5’-radical (5’-dA•) and methionine,49,50 where the 5’-dA• is responsible 
for initiating subsequent chemistry, most often by abstracting a substrate hydrogen atom.  
While the discovery of novel AdoMet radical enzyme reactions is occurring at a rapid 
pace,51-54 a major bottleneck in elucidating the mechanistic details of many of the 
reactions is the inability to assess and rationalize the redox potentials of the iron−sulfur 
(FeS) clusters and other cofactors/substrates of the enzymes systematically.41 Further 
complexity arises as emerging families of AdoMet radical enzymes contain either one or 
two additional FeS clusters housed in so-called Twitch or SPASM domains,42 where the 
roles played by the additional clusters, including electron transfer, is unclear.25,26,51,53,55  
The SPASM domain has been named after the biochemically characterized members: 
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AlbA, PqqE, anSMEs, and MtfC, which are involved in subtilosin A, pyrroloquinoline 
quinone, anaerobic sulfatase, and mycofactocin maturation, respectively.42  The Twitch 
domain is a partial SPASM domain.  Here we report the direct measurement of the redox 
potentials of an AdoMet radical enzyme possessing multiple FeS clusters for the first 
time, as well as elucidate impact of  ligand-binding and protonation on the potential of 
the cluster.  
 
Figure 2.1. (A) Reaction scheme and (B) structure of BtrN, showing the disposition of 
the active-site [4Fe-4S] cluster with AdoMet bound in slate (FeSAM), aaproximately 16 Å 
removed from the auxiliary [4Fe-4S] cluster (FeSAux). Substrate DOIA is shown bound 
between the two clusters, in pink. Constructed in PyMol using 4M7T.pdb.  
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28.5 kDa protein that catalyzes the third step in the biosynthesis of the antibiotic, 
butirosin B.  The reaction of BtrN (Figure 2.1A), is the two electron oxidation of the C3  
hydroxyl group of 2-deoxy-scyllo-inosamine (DOIA) to a ketone, affording 3-amino-2,3-
dideoxy-scyllo-inosose (amino-DOI). BtrN contains two [4Fe-4S] clusters. One is ligated 
by three cysteines residing in the canonical CxxxCxxC motif, while the auxiliary cluster 
is ligated by cysteines residing in a Twitch domain, a newly discovered structural motif 
used by some AdoMet radical enzymes.42,53 X-ray crystallographic studies on BtrN 
indicate that the auxiliary cluster is ligated by four cysteine residues and is 15.8 Å away 
from the nearest iron of the AdoMet radical cluster and 9.6 Å away from C3 of the 
substrate, the site of the radical intermediate.  While the function and redox properties of 
the auxiliary cluster have been unknown to date, its location close to the surface of the 
protein suggests that it might interact with an exogenous electron acceptor upon being 
reduced by the radical intermediate. Yet, given that the substrate radical is at a similar 
distance (8.6 Å) to the AdoMet radical cluster, it is unclear to which cluster the electron 
is transferred. Further, electron paramagnetic resonance (EPR) studies of BtrN indicate 
that the AdoMet radical [4Fe-4S] cluster (FeSAM) is readily reduced to the +1 oxidation 
state upon incubation of the protein with dithionite, while the auxiliary cluster does not 
become reduced under similar conditions.27 
In comparing BtrN to other AdoMet radical enzymes, we note that prior efforts to 
determine the redox potentials of the AdoMet radical [4Fe-4S] cluster of biotin 
synthase,23 lysine 2,3-aminomutase (LAM),20 and MiaB3 have resulted in midpoint 
potentials (Em) of −479 to −505 mV, yet such potentials are far removed from estimates 
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of the AdoMet potential of −1.8 V.11 To address these open questions regarding BtrN 
redox chemistry and the AdoMet radical superfamily, we have used protein film 
electrochemistry (PFE) to resolve the multiple redox potentials of an AdoMet radical 
enzyme for the first time. We find that the auxiliary cluster exhibits the lowest redox 
potential determined for a [4Fe-4S]2+/+ couple to date. 
2.2 Experiments 
2.2.1 Non-turnover protein film voltammetry. BtrN was purified as described previously 
by Goldman et al. 53 
Electrochemical experiments were carried out anaerobically in an MBraun 
Labmaster glovebox using a PGSTAT 12 potentiostat (EcoChemie).  A three-electrode 
configuration was used in a water-jacketed glass cell.  A platinum wire was used as the 
counter electrode and the reference electrode was a standard calomel electrode; potentials 
reported are relative to the standard hydrogen electrode.   
Baseline measurements were collected using a pyrolytic graphite edge (PGE) 
electrode polished with 1 µm alumina, rinsed, and placed into a glass cell containing a 10 
°C mixed buffer solution (10 mM MES, CHES, TAPS, HEPES), pH 8.0 with 200 mM 
NaCl. A 2 µL aliquot of 2.4 mM protein was applied directly to the polished PGE 
electrode surface, the protein sample was removed, and the electrode was placed back 
into the buffer cell solution.  Non-turnover electrochemical signals were analyzed by 
correction of the non-Faradaic component of the current from the raw data using the 
SOAS package.56   
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2.2.2 Proton-coupled electron transfer with protein film voltammetry. For measuring pH 
dependent voltammetry, the above buffer system was used, with the buffer pH adjusted 
with dilute KOH or HCl as needed. To fit the pH dependent data, a one-proton/one-
electron model was used for the AdoMet FeS cluster, as described by W.M. Clark57, 
where m and n are both unity, R the ideal gas constant, T the temperature, and F the 
Faraday. 
                   eq 1.
 
2.2.3 Examination of AdoMet binding with protein film voltammetry. AdoMet binding 
was performed in square wave voltammetry mode using the same buffer system as above 
(pH 8.0) and confirmed with cyclic voltammetry.  Measurements were first taken in the 
absence of AdoMet and then AdoMet was added to final concentrations of 20 µM to 8 
mM and measurements were taken again.  The AdoMet titration data was fit using 
equation 2, appropriate to cases where a single pΚred can be observed57, where Eo’ is the 
potential of the AdoMet radical cluster at our standard pH of 8, and unbound by AdoMet. 
𝐸! =   𝐸!! +   !"!" log 1+ !"#$%&!!"#     eq 2. 
 
2.3 Results 
2.3.1 Non-turnover protein film electrochemistry. PFE of BtrN non-covalently adsorbed 
upon pyrolytic graphite edge electrodes yields two peaks in the cyclic voltammogram:  at 
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(Figure 2.2A). To assign the peaks to their corresponding clusters, PFE was performed 
using the Cys-16,20,23-Ala triple variant of BtrN, which eliminates the AdoMet radical 
cluster. Figure 2.2B shows the resulting voltammogram, which displays only one peak at 
−765 mV.  
 
Figure 2.2. (A) PFE response of BtrN at a pyrolytic graphite electrode at pH 8, with the 
background electrode response (dashed) and corrected for the non-Faradaic response 
(inset).  (B) Similar PFE analysis of the BtrN triple variant devoid of the AdoMet radical 
FeS cluster. Both scans are at 220 mV/s and pH 8.   
 
2.3.2 Proton-coupled electron transfer determined with protein film voltammetry. In 
terms of the potential for proton-coupling for redox reactions at the FeS clusters of BtrN, 
previous studies on LAM and biotin synthase both suggested that the reduction potential 
of the AdoMet cluster is pH invariant.20,21 The midpoint potential of the auxiliary and 
AdoMet radical clusters of BtrN were monitored over a pH range of 4 to 10.  Figure 2.3 
displays the observed values of Em for both clusters. The AdoMet radical cluster displays 
a pH dependence consistent with that expected for a one-proton/one-electron process 
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(−56 mV/pH unit at 10 °C),57 with pΚox= 6.3 and pΚred= 8.9, indicating that there is a 
proton transfer coupled to the electron transfer.  
 
Figure 2.3. pH dependence of reduction potentials of BtrN FeS clusters.  The higher 
potential AdoMet radical cluster (black squares) shows clear 1H+:1 e- stoichiometry.  The 
auxiliary cluster (red circles) shows nominal pH dependence.  Fitting of the AdoMet 
radical cluster was performed using eq 1.   
 
2.3.3 AdoMet binding monitored with protein film voltammetry. The impact of AdoMet 
binding upon the redox potentials of the FeS clusters of BtrN is readily achieved through 
protein electrochemistry as well. In the presence of AdoMet, the redox couples still 
behave as simple electron-transfer processes, as indicated by reversible cyclic 
voltammetry signals, Figure 2.4A shows the impact of AdoMet binding by square wave 
voltammetry, which improves the sensitivity of the detection. Upon addition of AdoMet 
to the cell solution, the reduction potential of the AdoMet radical cluster shifts up to +80 
mV to a more positive potential (Figure 2.4A).  Figure 2.4B displays the concentration 
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dependence of the potential shift observed with AdoMet.  Here, complete saturation of 
the AdoMet radical cluster could not be achieved before the protein film became 
destabilized. However, an association constant of AdoMet and the reduced form of BtrN 
can be observed with ΚredAdoMet = 870 µM.   ΚoxAdoMet  is estimated to be > 10 mM. Thus, 
binding of AdoMet is tighter to the reduced state.  
 
Figure 2.4. (A) Square wave voltammetry demonstrating the impact of AdoMet binding 
to BtrN FeS clusters where the raw data (solid) and baseline-corrected data (dashed lines) 
are shown for BtrN in the absence (black) and presence (red) of 7.9 mM AdoMet.  (B) 
Changes observed for the reduction of the AdoMet radical cluster as a function of the 
AdoMet concentration (circles).  These data were fit (line) using eq 2 and were collected 
with frequency = 10 Hz, Eamp = 20 mV, pH 8, and 10 °C.   
 
Intriguingly, the auxiliary cluster also shifts to a more positive potential, though only by 
~ +20 mV. When considering the impact of products, the commercial unavailability to 
access amino-DOI challenges a similar analysis. However, in the presence of the products 
of the cleavage reaction (5’-dA and methionine), and including the substrate (DOIA, as a 
surrogate for the true product), the AdoMet radical cluster potential displays a negative 
shift of −25 mV to lower potential, while the potential of the auxiliary cluster is 
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unchanged (Figure 2.5).  Thus, the AdoMet radical cluster becomes yet harder to reduce 
until products are removed.  
 
Figure 2.5. Square wave voltammetry where the raw data (solid) and baseline-corrected 
data (dashed) are shown for BtrN (black) and BtrN with the addition of excess products 
(red): 400 µM 5’-deoxyadenosine, 1 mM methionine, and 300 µM of the substrate, 
DOIA.  Data was collected with frequency = 10 Hz, Eamp = 20 mV, pH 8, and 10 °C. 
 
 
 
 
2.4 Discussion 
2.4.1 Non-turnover protein film voltammetry.  Protein film electrochemistry of the wild-
type BtrN was performed to determine the reduction potentials of the FeS clusters in an 
AdoMet radical enzyme.  Two distinct potentials were observed at -510 mV and -765 
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are in agreement with a previous EPR study, which showed that the AdoMet radical 
cluster could be reduced but the auxiliary cluster was too low in potential to be reduced 
by dithionite or titanium citrate.17 The midpoint potential of −510 mV for the AdoMet 
radical cluster is in fairly close agreement to the value of −484 mV reported for LAM 
with cysteine bound to the open coordination site of the cluster.20  For the cleavage of 
AdoMet, the cluster must first be reduced; therefore, the higher reduction potential of the 
AdoMet radical cluster helps ensure that it will be preferentially reduced. 
The potential of the auxiliary cluster is unusually low for the +2/+1 couple of a 
[4Fe-4S] cluster.  We are now equipped to systematically investigate the impact of the 
protein environment upon auxiliary cluster potential. In examining the crystal structure of 
BtrN, the auxiliary cluster is surrounded by many bulky, hydrophobic residues, which 
may prevent solvent accessibility to the cluster and therefore, aid in achieveing the low 
potential.58 Additionally, Figure 2.6 shows the environment of the auxiliary cluster, 
where there is an arginine residue (Arg226) that is oriented toward a sulfur atom of the 
cluster, which may assist in stabilizing the negative charge on the auxiliary cluster 
following reduction.   
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Figure 2.6.  Environment of the auxiliary cluster in BtrN, showing the hydrophobic 
residues surrounding the cluster and the orientation of arginine 226 towards a sulfur of 
the cluster.  Constructed in PyMol using 4M7T.pdb.   
 
2.4.2 Proton coupled electron transfer with protein film voltammetry. PFE was used to 
further investigate the possibility of proton coupled electron transfer in BtrN, as previous 
reports on LAM and BioB indicated that the reduction potential of the cluster would be 
pH-independent.  The AdoMet radical cluster of BtrN displayed a pH-dependence 
consistent with a one proton: one electron coupled process with pKox = 6.3 and pKred = 
8.9.  This is the first report to associate a proton with the electron transfer of the AdoMet 
radical cluster.  With respect to the possible protonation sites in close proximity to the 
AdoMet radical cluster, histidine (His117) is within hydrogen-bonding distance of a 
sulfide of the AdoMet cluster (Figure 2.7), and is widely conserved in BtrN orthologs or 
substituted by a Tyr residue. We are now in the position to further assess the impact of 
proton transfers at the active site across the AdoMet radical enzyme superfamily.  In 
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contrast, the auxiliary cluster displays an overall modest −12 mV/pH unit dependence, 
much less than the expected value for a one-proton/one-electron process, suggesting that 
the redox couple of the auxiliary FeS cluster is not coupled to protons directly. 
 
Figure 2.7. Environment of the AdoMet radical cluster with AdoMet bound, in slate, 
depicting the conserved His117 residue in cyan.   
 
2.4.3 AdoMet binding with protein film electrochemistry.  In the study of the reduction 
potential of the cluster in lysine 2,3-aminmutase, the highest reduction potential for the 
cluster (-430 mV) was recorded with AdoMet bound to the open coordination site of the 
cluster.  When AdoMet was added to the cell solution with BtrN on the electrode, both 
clusters exhibited a positive shift in potential, with a +80 mV shift for the AdoMet radical 
cluster.  This overall positive shift in redox potential is consistent with the trend observed 
with LAM (+50 mV)20 and is likely to ensure that the cluster can be reduced in vivo by 
biological reducing systems.11  Intriguingly, the auxiliary cluster also shifts to a more 
positive potential, though only by ~ +20 mV. The shift in midpoint potential over a range 
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of AdoMet concentrations was determined, allowing for measurement of the association 
constant giving a KredAdoMet = 870 µM.  Due to destabilization of the film at high 
concentrations of AdoMet, saturation was not achieved and KoxAdoMet could only be 
estimated to be greater than 10 mM, indicating that AdoMet binds much tighter to the 
reduced state.  Further examination of the redox properties using the products of the 
cleavage reaction (5’-dA and methionine) along with DOIA, display a decrease in the 
potential of the AdoMet radical cluster. Thus, the AdoMet radical cluster becomes yet 
harder to reduce until products are removed. This flexibility in terms of potential further 
demonstrates the ability of the AdoMet radical cluster to modulate its potential 
throughout the catalytic cycle. 
Here we have directly measured the midpoint potentials of the auxiliary and 
AdoMet radical clusters of BtrN using direct electrochemistry. These data shed light on a 
potential mechanism for BtrN and other AdoMet radical dehydrogenases (Figure 2.8), 
suggesting a potential role for the auxiliary FeS cluster: when AdoMet and DOIA are 
bound, reduction of the active site cluster in a pH dependent fashion allows for reductive 
cleavage of AdoMet, generating 5’-dA•, which can then abstract a hydrogen atom from 
the DOIA substrate forming DOIA•. The DOIA• radical has an estimated potential of 
−1.6 V, indicating that it could easily reduce either the auxiliary cluster or the AdoMet 
radical cluster itself.  In the former case, the reduced auxiliary cluster would in turn re-
reduce the active site, following loss of the amino-DOI product and 5’-dA and Met co-
products (Figure 2.4).  While the reduction of the active site cluster would require 
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electron transfer over a distance of ~16 Å, we have shown that the driving force for that 
process would be enhanced by AdoMet binding for a second round of catalysis.  Should  
 
Figure 2.8.  Proposed reaction mechanism of BtrN. 
 
DOIA• reduce the active site itself, the role of the auxiliary cluster is less clear, though it 
may serve as a protective role for turnovers where either 5’-dA• or DOIA• cannot 
complete a catalytic cycle.  A final mechanistic possibility is that DOIA• may reduce the 
auxiliary cluster, which in turn passes the electron to an exogenous redox partner.  In 
such a case, we would anticipate that in the presence of DOIA and AdoMet, a reversible 
oxidative limiting current could be observed in a PFE voltammetric analysis due to DOIA 
oxidation; however, we have not found such limiting catalytic currents here. 
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2.5 Conclusions 
 BtrN is a member of the AdoMet radical dehydrogenase subclass of enzymes, 
containing two [4Fe-4S] clusters.  This was the first direct examination of the reduction 
potentials of an AdoMet radical enzyme. The reduction potential for both clusters was 
determined simultaneously using the technique of protein film electrochemistry.  This 
allowed for further analysis of electron transfer at both clusters to determine whether 
there is a protonation event coupled to the electron transfer.  Proton-coupled electron 
transfer was identified for the AdoMet radical cluster and represents the first 
identification of PCET for a member of this family.  A residue for this site of protonation 
has been proposed and future studies could confirm this.  Examination of the potentials 
for both of the clusters in the presence of AdoMet or the products of the cleavage reaction 
(5’-dA and Met) with the substrate DOIA demonstrate how BtrN is able to modulate its 
redox properties throughout the catalytic cycle.  This information provides insight into 
the mechanism of BtrN and other AdoMet radical enzymes.  Additionally, this could 
serve as a model for more complex members of the AdoMet radical dehydrogenase 
subclass containing two auxiliary clusters.  Given the possibility to achieve 
electrochemistry on members of the AdoMet radical superfamily, the long-term 
possibilities are exciting. Here the two potentials and the pH-dependencies of the BtrN 
[4Fe-4S] clusters have been resolved, paving the way for future comparisons of AdoMet 
radical superfamily members bearing multiple FeS clusters. 	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Chapter 3 	  
3.1 Introduction 
The AdoMet radical enzyme superfamily consists of at least 40 subclasses of 
enzymes, which are defined based on the characterized reactivity.8 While the substrate of 
AdoMet radical enzymes can vary greatly across the subclasses, the [4Fe−4S] AdoMet 
radical cluster in all members is believed to initiate chemistry by the reductive cleavage 
of S-adenosylmethionine to generate a 5’-deoxyadenosyl 5’-radical.8,49,59,60 Chapter 2 
described the successful use of the technique of protein film electrochemistry to measure 
the redox properties of the two [4Fe−4S] clusters in BtrN from the dehydrogenase 
subclass.  This chapter attempts to expand upon that the emerging perspective of the 
AdoMet radical enzyme redox chemistry, by examining MiaB and RimO, two 
methylthiotransferase AdoMet radical enzymes.   
MiaB from Bacteroides thetaiotaomicron catalyzes the posttranscriptional 
modification of N-6-isopentenyladenosine in tRNA, forming 2-methylthio-N-6-
isopentenyladenosine (Figure 3.1A).3,4,29 In contrast, Thermotoga maritima RimO 
performs a methylthiolation on Asp89 of ribosomal protein S12 (Figure 3.1B).28,29,31 Both 
MiaB and RimO are similar to BtrN in that they both contain an auxiliary [4Fe−4S] 
cluster.  Yet in the case of MiaB and RimO, FeSAux must be different than in the case of 
BtrN, as it is bound by just three cysteine residues, providing an open coordination site.30 
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This environment is in contrast to the fully-cysteine ligated auxiliary cluster in BtrN. Two 
 
Figure 3.1.  Reaction schemes of (A) MiaB and (B) RimO.   
 
proposed mechanisms have been suggested for RimO (with similar hypotheses for 
MiaB), where the auxiliary cluster is critical for binding either the substrate to be 
methylated (Figure 3.2A) or the methyl group itself, prior to transfer to substrate (Figure 
3.2B). Additionally, the auxiliary cluster in the methylthiotransferases is believed to be 
higher in potential than the AdoMet radical cluster and is believed to serve a sacrificial 
role in catalysis, due to the inability to support multiple turnovers.4,29 Additionally, when 
an apo form of MiaB was reconstituted with iron and selenide, 2-methylseleno-N6-
(isopentenyl) adenosine (mse2i6A) was formed as a product, further suggesting the role a 
sulfide ion from an FeS cluster in the thiolation reaction.61  Similar sacrificial roles for 
auxiliary clusters have been reported for other sulfur-insertion AdoMet radical enzymes 
biotin synthase23,62 (BioB) and lipoyl synthase63 (LipA).  We hypothesize that the 
differences in chemistry of the functionally distinct subclasses of AdoMet radical 
enzymes may correlate with differences in redox potentials of the two [4Fe-4S] clusters.  
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Thus, here we are motivated to decipher the redox characteristics of each cluster in RimO 
and MiaB. This will provide greater insight into the thermodynamics of the kind of 
chemistry they are capable of, informing our view of the AdoMet radical enzyme 
superfamily as a whole.  
 
Figure 3.2. Proposed reaction mechanisms for RimO (A) where the cleavage reaction of 
AdoMet occurs first and substrate binds to the auxiliary cluster and (B) where the 
demethylation of AdoMet occurs first and the resulting methyl group binds to the 
auxiliary cluster.  Adapted from Lanz et al. 64 
 
 
3.2 Experimental 
3.2.1 Non-turnover protein film electrochemistry. MiaB and RimO were purified as 
described previously.29  Electrochemical experiments were carried out anaerobically as in 
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PGSTAT 12 potentiostat (EcoChemie).  A three-electrode configuration was used in a 
water-jacketed glass cell.  A platinum wire was used as the counter electrode and the 
reference electrode was a standard calomel electrode; potentials reported are relative to 
the standard hydrogen electrode.   
Baseline measurements were collected using a pyrolytic graphite edge (PGE) 
electrode polished with 1 µm alumina, rinsed, and placed into a glass cell containing a 10 
°C mixed buffer solution (10 mM MES, CHES, TAPS, HEPES), pH 8.0 with 200 mM 
NaCl. A 3 µL aliquot of 2.24 mM protein was applied directly to the polished PGE 
electrode surface along with 15 mg/mL polymyxin B sulfate (Sigma).  The protein 
sample was removed after 5 minutes, and the electrode was placed back into the buffer 
cell solution.  Non-turnover electrochemical signals were analyzed by correction of the 
non-Faradaic component of the current from the raw data using the SOAS package. 
3.2.2 Examination of AdoMet binding with protein film voltammetry. AdoMet binding 
was performed in square wave voltammetry mode with a potential window of -1.0 V to 0 
V (versus SHE) using the same buffer system as above (pH 8.0) at a total cell volume of 
500 µL and confirmed with cyclic voltammetry.  Square wave voltammetry parameters 
used were frequency of 10 Hz with an amplitude of 20 mV or 200 Hz with a 50 mV 
amplitude.  Measurements were first taken in the absence of AdoMet and then AdoMet 
was added to a final concentration of 400 µM and measurements were taken again.   
3.2.3 Electrochemistry with demethylation products. Binding of S-adenosylhomocysteine 
and methanethiol were performed in square wave mode using the same buffer as used 
above (pH 8.0).  Measurements were taken in the absence of SAH and/or methanethiol 
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and then the demethylation products were added to achieve a total cell volume of 500 µL 
and final concentrations ranging from 200 µM to 7 mM.  Scans were taken immediately 
and every 5-10 minutes for a total of 40 minutes, or until no additional change was 
observed.   
3.2.4 Binding of substrate with protein film electrochemistry. Binding of tRNA was 
performed in square wave mode using the same buffer as used above (pH 8.0).  
Measurements were taken in the absence of tRNA and then tRNA was added to achieve a 
total cell volume of 500 µL and final concentrations ranging from 10 µM to 130 µM.  
Scans were taken immediately and every 5-10 minutes for a total of 40 minutes, or until 
no more changes were observed.   
3.2.5 Electrochemistry with cleavage products.  The impact of the cleavage products, 5’-
deoxyadenosine and methionine, was examined in square wave mode using the same 
buffer as used above (pH 8.0).  Measurements were taken in the absence of product and 
then 5’-deoxyadenosine, methionine, and substrate tRNA were added to the cell solution 
to achieve a total cell volume of 500 µL and final concentrations ranging from 500 µM to 
1.3 mM.   
 
3.3 Results 
3.3.1 Non-turnover protein film electrochemistry. Here, protein film electrochemistry has 
successfully been employed to study members of the methylthiotransferase subclass of 
AdoMet radical enzymes.  We find that like some enzymes65-68 MiaB and RimO both 
require polymyxin as a co-adsorbate to form films on PGE electrodes.  Despite having 
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two [4Fe−4S] clusters, a single broad feature is observed in the cyclic voltammogram for 
MiaB (Figure 3.3A).  This feature is too broad to be associated with a single reversible 
redox couple, and displays a width at half height of 140 mV, which is much wider than 
the 86/n mV that is predicted for a single one-electron center at this temperature, based 
on electrochemical theory.  Fitting of this signal to two one-electron centers gives 
midpoint potentials of -450 mV and -390 mV.  Based on previous reports of MiaB, 
indicating that the protein is purified with the auxiliary cluster reduced, the center at -390 
mV was proposed to be the auxiliary cluster.  To confirm this hypothesis, the triple 
variant containing only the auxiliary cluster (and missing the AdoMet-binding cluster 
(∆FeSAM)) was examined in parallel.  Here the signal observed in square wave 
voltammetry is much narrower for ΔFeSAM (93 mV) and fits within the signal observed 
for the wild-type enzyme, with a potential of -370 mV (Figure 3.3B).  This trend 
suggests that the potential initially observed for WT MiaB at -450 mV corresponds to the 
AdoMet radical cluster.   
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Figure 3.3. (A) Cyclic voltammogram of Bacteroides thetaiotaomicron MiaB with the 
baseline response of the electrode shown in the dashed line, with the fits for two one-
electron centers shown in the dotted line. Data was collected at 100 mV/s, pH 8, and 10 
°C. (B) Square wave voltammetry of wild-type MiaB (black) and the triple variant devoid 
of the AdoMet radical cluster (red).  The solid lines are the raw data and the dashed lines 
are the baseline-corrected data.  Data was collected at 10 Hz, Eamp = 20 mV, pH 8, 10 °C.   
 
 Similar to Bt MiaB, Tm RimO displays a single broad feature in the square wave 
voltammogram when co-adsorbed with polymyxin.  However, unlike MiaB, surface 
adsorption is clearly less, as the magnitude of the responses in CV are small, and reliable 
fitting cannot be achieved. Yet, the improved sensitivity of SWV still allows the 
comparison for WT and ∆FeSAM Tm RimO.  Figure 3.4 shows the signal observed for 
RimO, located at -420 mV, similar to the potential observed for MiaB in square wave 
voltammetry.  The triple variant of Tm RimO shows a single, sharper feature at -365 mV 
that also fits well within the broader signal of the wild-type enzyme, indicating that the 
auxiliary cluster is higher in potential than the AdoMet radical cluster for Tm RimO.  
Taken together, these results indicate that MiaB and RimO share very similar redox 
properties. 
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Figure 3.4. Square wave voltammetry of wild-type RimO (black) and the triple variant 
devoid of the AdoMet radical cluster (red).  The solid lines are the raw data and the 
dashed lines are the baseline-corrected data.  Data was collected at 10 Hz, Eamp = 20 mV, 
pH 8, 10 °C. 
 
3.3.2 Examination of AdoMet binding with protein film voltammetry. Previous studies on 
lysine 2,3-aminomutase20 and BtrN (Chapter 2) have indicated that upon binding 
AdoMet, the potential of the AdoMet-binding cluster typically shifts more positive 
potentials.  For both MiaB and RimO, AdoMet was added to the cell solution to 
investigate if this is a common trait for all AdoMet radical enzymes and SWV was used 
as the sole PFE detection modality. Upon addition of AdoMet to the cell solution, where 
MiaB was adsorbed at the working electrode, the electrochemical feature rapidly 
becomes sharper and increases in intensity, with a shift of +60 mV.  Further incubation 
shows formation of two distinct features, one at -415 mV with a peak width at half height 
of 110 mV, consistent with a one-electron center.  The other feature is lower in potential 
at -615 mV (Figure 3.5A).  This same trend is seen with Tm RimO where the initial shift 
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is +50 mV and the second feature has a potential of -580 mV (Figure 3.5B).  The big 
difference between MiaB and RimO with AdoMet is the timescale of the features 
observed between the two enzymes, with RimO exhibiting a more rapid formation of the 
low potential feature.  The differences seen upon addition of AdoMet in comparison to 
the changes observed with BtrN may be due to the requirement of two molecules of 
AdoMet for activity of MiaB and RimO, where one molecule is used as the radical 
initiator, as in BtrN, and the other is used as the methyl donor.   
 
Figure 3.5.  Baseline-corrected square wave voltammetry of (A) MiaB and (B) RimO in 
the absence (solid line) and presence of 400 µM AdoMet.  Dotted line is immediately 
upon addition of AdoMet, dashed line is after 10 minutes, and the dot dashed line is 20 
minutes after addition. The arrow shows the general trend in the data over time. Data was 
collected at 200 Hz, Eamp = 50 mV, pH 8, and 10 °C.   
 
3.3.3 Electrochemistry with demethylation products.  To further investigate these features 
seen with AdoMet, S-adenosylhomocysteine (SAH) and methanethiol have been used to 
mimic products of the “demethylated AdoMet”, which would result after a single turn-
over of either MiaB or RimO.  Adding SAH to the cell solution results in the positive 
shift in potential, narrowing of the signal, and increase in intensity seen immediately 
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upon addition of AdoMet.  These changes are suggestive of the AdoMet radical cluster 
binding AdoMet (or SAH), leading to an increase in potential, as seen with BtrN1 and 
LAM11.   
 
Figure 3.6.  Square wave voltammetry of (A) MiaB and (B) RimO in the absence (black) 
and presence (red) of 400 µM S-adenosylhomocysteine.  The raw data is shown as the 
solid lines and the baseline-corrected data is shown as the dashed lines.  Data was 
collected at 10 Hz, Eamp = 20 mV, pH 8, and 10 °C.   
 
 Methanethiol was used as a product analogue of the demethylation reaction to 
investigate the low potential feature formed in the presence of AdoMet and to evaluate 
proposed mechanisms (Figure 3.2).  Here, addition of methanethiol to the cell solution 
displays a shift to low potential over time (Figure 3.7).  The magnitude of this shift 
appears dependent on the concentration of methanethiol added and is not the same for 
MiaB and RimO under the same conditions.  Shown in Figure 3.7A, with the addition of 
3 mM sodium methanethiolate, MiaB exhibits an -80 mV shift in potential.  Under the 
same conditions, RimO displayed a shift in potential of -30 mV (Figure 3.7B).  The 
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RimO film was not as stable as the MiaB film, and could not be analyzed for as much 
time before background desorption led to no discernible current.   
 
Figure 3.7.  Square wave voltammetry of (A) MiaB and (B) RimO in the absence (black) 
and presence (red) of 3 mM sodium methanethiolate.  The raw data is shown as the solid 
lines and the baseline-corrected data is the dashed lines.  The scan with MiaB and 
NaSCH3 is after reaction for 40 minutes, and the scan with RimO and NaSCH3 is after 
reaction for 20 minutes.  Data was collected at 200 Hz, Eamp = 50 mV, pH 8, 10 °C.   
 
3.3.4 Binding of substrate with protein film electrochemistry.  Only three cysteine 
residues, in addition to the AdoMet radical cluster motif, are conserved across MiaB and 
RimO homologues, suggesting that both the AdoMet radical [4Fe−4S] cluster and 
auxiliary [4Fe−4S] cluster contain an open coordination site.  This led to the hypothesis 
that the auxiliary cluster serves to bind the substrate at its open coordination site. To 
evaluate the impact of substrate binding, experiments were performed with MiaB using a 
17 base RNA oligonucleotide corresponding to the anticodon stem loop of wild-type 
tRNAPhe.29,61 Here, the maximal concentration of tRNA used was 130 µM of i6A tRNA in 
the cell solution.  Minimal shifts (less than -30 mV) were observed in the presence of 
tRNA and could possibly be due to charge differences in the presence of tRNA.  
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3.3.5 Electrochemistry with cleavage products.  To further investigate the redox 
properties of MiaB, the cleavage products 5’-deoxyadenosine and methionine were added 
along with substrate tRNA to investigate MiaB’s ability to modulate potential throughout 
the reaction.  Under these conditions, very little change was observed in the feature in 
square wave voltammetry, with shifts of ~-10 mV.  This is a smaller shift than that 
observed under similar conditions with BtrN, which exhibited a shift of -30 mV.1   
 
Figure 3.8.  Square wave voltammetry of Bt MiaB in the absence (black) and presence 
(red) of 575 µM 5’-deoxyadenosine, 1.3 mM methionine, and 65 µM tRNA. The raw 
data is shown in solid lines and the baseline-corrected data is shown as the dashed lines.  
Data was collected at 10 Hz, Eamp = 20 mV, pH 8, and 10 °C. 
 
3.4 Discussion 
3.4.1 Nonturnover protein film electrochemistry. MiaB and RimO are members of the 
methylthiotransferase subclass of AdoMet radical enzymes, catalyzing the attachment of 
a methylthio-group to an unactivated carbon.  Both enzymes use two molecules of 
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AdoMet for a single reaction, where one molecule is used as a radical initiator and the 
other serves as the methyl donor.   
 Protein films suitable for electrochemistry were achieved for MiaB and RimO 
with use of polymyxin as a co-adsorbate.  Cyclic voltammetry of MiaB displayed a single 
feature at -430 mV that fit to two one-electron centers with reduction potentials of -450 
mV and -390 mV.  Initial studies on MiaB when it was believed to have a single 
[4Fe−4S] cluster used square wave voltammetry to measure a reduction potential of -495 
mV for the AdoMet radical cluster.3 This value agrees fairly well with the potential of -
450 mV reported and the differences can be attributed to the change in conformation due 
to the presence of the auxiliary cluster.  Previous studies of MiaB indicated that the 
auxiliary cluster was likely higher in potential than the AdoMet radical cluster, as the 
enzyme was isolated with the auxiliary cluster reduced.4   Here, assignment of the 
potentials to the clusters in MiaB was achieved using the triple variant lacking the 
AdoMet radical cluster.  The signal for the triple variant displayed a midpoint potential of 
-365 mV and fit well within the signal observed for the wild-type enzyme, supporting the 
hypothesis that the auxiliary cluster is higher in potential than the AdoMet radical cluster.  
A similar analysis of RimO with square wave voltammetry indicated that the auxiliary 
cluster is higher in potential (at -370 mV) than the AdoMet radical cluster (-450 mV).  
This result is not surprising as both enzymes catalyze very similar reactions on their 
respective substrates.   
 The only other AdoMet radical enzyme containing an auxiliary [4Fe-4S] cluster 
electrochemically characterized to date is BtrN, described in Chapter 2.  In the case of 
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BtrN, the auxiliary cluster was found to be much lower in potential (-765 mV) than the 
AdoMet radical cluster, with the lowest reported potential for a [4Fe−4S]+2/+1 couple to 
date, at -765 mV.  Thus, the reduction potential of the auxiliary clusters in MiaB and 
RimO may reflect how they are important for the proposed sacrificial role in catalysis, as 
all of the AdoMet radical enzymes involved in sulfur insertion and electrochemically 
characterized to date contain an auxiliary cluster with a reduction potential similar to, or 
higher than, the AdoMet radical cluster.  The potential of -450 mV reported here for the 
AdoMet radical cluster in these enzymes is in fairly close agreement with the potentials 
reported for FeSAM of other AdoMet radical enzymes BtrN1, LAM20, and BioB23 (Figure 
3.9). 
  
Figure 3.9.  Depiction of the structures of (A) lysine 2,3-aminomutase (PDB 2A5H), (B) 
biotin synthase (PDB 1R30), (C) BtrN (PDB 4M7T), and (D) RimO (PDB 4JC0) 
showing the FeS clusters and the reported midpoint potentials.   
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3.4.2 Examination of AdoMet binding with protein film voltammetry.  Further 
characterization of MiaB and RimO was performed to assess the impact of AdoMet 
binding on the potentials of the clusters.  MiaB showed an initial +60 mV shift in 
potential with a narrowing and increase in intensity of the feature observed.  This change 
in shape would be consistent with the AdoMet radical cluster shifting positive in potential 
upon binding AdoMet, resulting in a potential more similar to that of the auxiliary cluster, 
which would lead to the increase in intensity due to overlapping features.  Upon further 
incubation, there is formation of a distinct low potential feature at -615 mV.   RimO 
displayed similar features upon addition of AdoMet; however, the timescale of the 
changes was different.  A shift in potential of +50 mV was observed followed by the 
formation of a feature at -580 mV.  These phenomena in the presence of AdoMet are 
different than that observed with BtrN in Chapter 2, where the AdoMet radical cluster 
shifted by up to +80 mV with AdoMet.  The differences seen with MiaB and RimO are 
likely due to their ability to use AdoMet as both a radical initiator and methyl donor.  
Previous studies on MiaB and RimO have indicated that AdoMet is demethylated to form 
SAH even in the absence of reductant.29 The results of the addition of AdoMet to MiaB 
and RimO have led to our hypothesis that the low potential feature that develops is likely 
due the binding of the methyl group to the auxiliary cluster (while the FeSAM cluster is 
ligated by AdoMet) lowering the potential.  However, given that there are no other model 
proteins with methylated FeS clusters, it seems impossible to know if this low-potential 
state is accurately assigned. 
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 Two mechanisms have been proposed for methylthiotransferases such as RimO, 
where the main differences between these mechanisms are the order of the demethylation 
and cleavage reactions.  Figure 3.2A shows the proposed mechanism where the cleavage 
reaction occurs first and the substrate binds to a sulfur of the auxiliary cluster.  This 
hypothesis is based on studies with MiaB where starvation of an E. coli (rel met cys) 
mutant with methionine but not cysteine resulted in the trapping of a cytokinin active 
intermediate, believed to be 2-thio-N6-(Δ2-isopentenyl)adenosine (s2i6A).22  This 
intermediate was then used in reactions with [methyl-14C]AdoMet and the radiolabel was 
sufficiently incorporated into product.  The cysteine/sulfate deficient mutant led to 
accumulation of i6A tRNA that was unreactive, suggesting that the methylation reaction 
is reliant upon prior sulfur insertion by an active FeS cluster.69 Here, the cleavage 
reaction of AdoMet occurs and a hydrogen atom is abstracted from Asp88 to form an 
Asp88-based radical, which then binds to a sulfur of the auxiliary cluster.  After 
coordination of substrate to the auxiliary cluster, the demethylation reaction occurs and 
the methyl group binds to the sulfur and the sulfur is released from the cluster, forming 
the methylthiolated Asp88 product. The favored mechanism, shown in Figure 3.2B, is 
based on findings that the demethylation of AdoMet occurs without the use of an external 
reductant.29 Here, the demethylation of AdoMet occurs first and the methyl group 
attaches to a sulfur of the auxiliary cluster.  The cleavage reaction generates a radical on 
Asp88, which is then used to destroy the auxiliary cluster by binding the methylthio 
group. The finding here that addition of AdoMet alone induces a shift in potential, 
followed by the formation of two distinct features, suggests reactivity with AdoMet that 
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leads to the formation of two redox active species with ~-200 mV difference in potential, 
consistent with the proposed mechanism of Figure 3.2B.  If the first step in the 
mechanism of MiaB and RimO were the reductive cleavage of AdoMet, we would likely 
just see the shift positive in potential, as observed with LAM20 and BtrN1.   
 
Figure 3.10.  Structures of substrate (AdoMet) and the demethylation product analogues 
used: S-adenosylhomocysteine and sodium methanethiolate.   
 
3.4.3 Demethylation product analogues and substrate.  To further investigate the unique 
separation of redox potentials for WT MiaB and RimO FeS clusters upon treatment with 
AdoMet, SAH and methanethiol were used to as products of binding and reactivity.  In 
this case, SAH was used as an AdoMet analog, and product of the demethylation 
reaction, which would not undergo further reaction (Figure 3.10).  Upon exposure to 
SAH, both MiaB and RimO revealed a positive shift in the displayed redox potential, 
along with an unforeseen increase in overall current.  These phenomena replicate what is 
observed rapidly upon addition of AdoMet, supporting the theory that the positive shift in 
overall redox potential observed is due to the binding of SAH-like AdoMet to the FeSAM, 
as has been reported for LAM11 and BtrN1 in the presence of SAH.  Methanethiol was 
used as product analog to determine the impact on the potential of the methyl group from 
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MiaB.  Further, methanethiol treatment did not result in two distinct features, though the 
overall shift observed is consistent with a model where the higher-potential component of 
the broad WT signals seen in CV analyses are due to FeSAux, which then shifts lower in 
potential by ~-200 mV when methylated. In such a state, the SAH-moeity of AdoMet is 
missing, and therefore the much greater separation of potentials is not observed. Thus, the 
appearance of the overall shift could be due a single component moving more 
significantly in potential, but not all the way down to ~ -580 to -600 mV versus SHE.   
Collectively, our data are consistent with the hypothesis that MiaB and RimO 
proceed with the demethylation reaction first, as the impact of SAH and methanethiol are 
consistent with the impact of AdoMet, as binding AdoMet and SAH both display a 
positive shift in potential, and the later development of a low potential feature with 
AdoMet is consistent with the negative shift in potential seen with methanethiol.  
Additionally, previous hypotheses stated that MiaB and RimO might operate via a ping-
pong mechanism, similar to RlmN and Cfr, where the methyl group is first appended to 
an amino acid or enzyme prosthetic group before being transferred to product.52 Indeed, 
previous studies showed that enzyme samples reacted with AdoMet could be denatured 
and found to yield an equivalent of methanethiol.29 Additionally, sodium methanethiolate 
was used in assays and displayed a faster initial rate of product formation, indicating that 
it was efficiently incorporated into a binding site on the enzyme.29 It is not currently clear 
where the methyl group binds, as unpublished work in the Booker lab has no evidence of 
the methyl group bound to the auxiliary cluster via EPR spectroscopy. Yet, our data 
clearly show that a low-potential state of each enzyme can build up, upon reactions with 
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AdoMet, even in the absence of additional substrates, a tantalizing suggestion that we are 
electrochemically detecting a methylated FeS cluster.  
Previous reports have proposed that the open coordination site in the auxiliary 
cluster of MiaB serves to bind substrate (and not a methyl moiety).  To investigate this, 
the impact of tRNA binding was monitored.  Addition of tRNA to the cell solution had 
very minimal impact on the signal observed for MiaB, with shifts less than 30 mV, 
suggesting that tRNA does not bind to the auxiliary cluster, particularly as these small 
changes in potential could be attributed to overall charging effects of adding a polyionic 
species to the Debye bilayer of the electrode. In the future, tRNA binding could be 
further assessed by using tRNA-modified electrodes.70 However, our lackluster result 
here, are mimicked by no obvious changes in the resonance Raman or EPR spectra of 
MiaB in the presence of tRNA.4  
In Chapter 2, the ability of BtrN to modulate the reduction potential of the 
AdoMet radical cluster throughout the catalytic cycle was examined with the use of the 
products of the cleavage reaction.  A similar analysis was used here with MiaB and the 
cleavage products, 5’-deoxyadenosine and methionine, along with the substrate tRNA.  
Here, a very minimal change was observed with a shift in potential of -10 mV, a smaller 
change than the -30 mV shift observed with BtrN under similar conditions. 1 However, 
the feature monitored in the case of MiaB is the composite of the signals for both FeSAM 
and FeSAux, making analysis more difficult, as the FeSAM could exhibit a larger shift, 
which is not observable in the broad envelope of signal.  Enhanced intensities of the 
cyclic voltammetry data would allow fitting for the two centers to analyze the effect of 
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products; however, film loss was too significant over the course of the experiment for 
accurate baseline-correction and fitting. Future directions for this work may include an 
exploring distinct adsorption conditions or the use of covalent attachment to the electrode 
would aid in this analysis.  
 
Figure 3.11.  Proposed reaction mechanism of MiaB.   
 
3.4.4 An embellished mechanistic model.  Based on the electrochemical data on MiaB 
here, along with previous studies on MiaB29, a proposed mechanism for MiaB is 
presented in Figure 3.9. This mechanism is an example of the key impacts seen for 
methylthiotransferases, in general, as our results between MiaB and RimO are very 
similar.  MiaB is purified with the auxiliary cluster reduced; however the demethylation 
reaction of the first molecule of AdoMet occurs without a reductant and the methyl group 
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seems to append to the auxiliary (resulting in the lower reduction potential).  Addition of 
a second molecule of AdoMet raises the reduction potential of FeSAM, allowing for 
reductive cleavage to generate the 5’-deoxyadenosyl 5’-radical.  Hydrogen atom 
abstraction is performed on the tRNA substrate, generating 5’-deoxyadenosine and a 
tRNA radical.  The exact mechanism of the of the destruction of the auxiliary cluster is 
not known, but this tRNA radical is likely used to remove a methylated sulfur from the 
auxiliary cluster, forming the methylthiolated tRNA product, 2-methylthio-N-6-
isopentenyladenosine.   
3.5 Conclusions 
 This chapter has examined the electrochemical properties of another subclass of 
AdoMet radical enzymes containing multiple FeS clusters.  The methylthiotransferase 
enzymes MiaB and RimO feature an additional [4Fe−4S] cluster, similar to that reported 
for BtrN, discussed in Chapter 2.  MiaB and RimO have shown interesting 
electrochemical properties, where the auxiliary [4Fe−4S] cluster is higher in potential 
than the AdoMet radical cluster and seems to serve as a temporary site of methylation 
before eventual destruction of the cluster for generating the methylthio-group, which is 
attached to the substrate-based radical formed by 5’-dAd•.  Similar to what has been 
reported for both BtrN and LAM, MiaB and RimO display a positive shift in potential for 
the AdoMet radical cluster, indicating that there may be common redox properties shared 
by the enzyme superfamily, despite the great diversity of their reactions.  Further 
exploration of this superfamily is necessary to fully understand how these enzymes tune 
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their redox properties, and additional cofactors, to carry out the great array of chemistry 
that these enzymes are responsible for.  
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Chapter 4 
 
4.1 Introduction 
 The radical S-adenosylmethionine enzyme superfamily is a diverse family of 
enzymes that are all believed to initiate their respective reactions via a hydrogen atom 
abstraction.  In all known members of this family, a reduced [4Fe−4S] cluster reductively 
cleaves AdoMet to generate a 5’-deoxyadenosyl 5’-radical. How reducing equivalents are 
initially delivered to the [4Fe−4S]2+ active site has been a long and mysterious question in 
the field of AdoMet radical enzymes.  The reduction of the [4Fe−4S]+2 cluster to the 
active [4Fe-4S]+1 state was initially identified for pyruvate formate-lyase activating 
enzyme (PFL-AE) from E. coli.  In the case of PFL-AE, reduction of the cluster was 
achieved with E. coli flavodoxin.12, 71 E. coli flavodoxin has also been found to activate E. 
coli anaerobic ribonucleotide reductase13,14,15 and biotin synthase16 by supplying reducing 
equivalents from NADPH via ferredoxin (flavodoxin): NADP+ reductase. Here, reducing 
equivalents are transferred from NADPH to the cluster through flavodoxin reductase and 
flavodoxin.19 This system was also found to work with lysine 2,3-aminomutase from 
Porphyromonas gingivalis, demonstrating that this system is capable of reductively 
activating AdoMet radical enzymes from different organisms.17 Thus, while the tools of 
utilitizing flavodoxin/ferredoxin pairs as means of delivering electrons seems to work, 
analogous systems have yet to be found in the native organisms that act as sources for the 
AdoMet radical enzyme.  
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 Further, AdoMet radical enzymes are known to undergo abortive cleavage, where 
they reductively cleave AdoMet in a manner uncoupled from catalysis in the absence of 
substrate.  This phenomenon can also be related to the nature of the reducing system that 
is used. Bruender et al. recently evaluated the importance of the reductant used in 
observation of this abortive cleavage.72   A variety of both chemical and biological 
reducing systems were utilized in assays with 7-carboxy-7-deazaguanine (CDG) synthase 
(QueE).  It was demonstrated that the reductant used impacted the rate of turnover, as 
well as the abortive cleavage, with the chemical reducing system, dithionite, displaying 
the largest percentage of abortive cleavage.72   
 Connected to our studies of MiaB in Chapter 3 of this thesis, Thermotoga 
maritima lacks a flavodoxin and ferredoxin:NADP+ reductase, which could serve as the 
native electron donor for MiaB.   However, five ferredoxins (Fds) can be been identified 
in the T. maritima genome73, and here we have electrochemically characterized each of 
these proteins to evaluate their ability to act as the native electron donor for MiaB.  
Cluster binding sites for the [4Fe−4S] clusters in ferredoxins are typically found in a 
conserved CXXCXXCXXXCP motif, where the first three cysteine residues bind the first 
cluster and the fourth cysteine binds the second cluster (Figure 4.1).  Bacterial Fds 
typically contain two [4Fe−4S] clusters, and the cluster-binding motif is found twice in 
the protein sequence, once for each cluster.74,58, 75-77 Bacterial Fds can be divided into two 
sub-families: the small (~55 amino acid) Clostridial type and the slightly larger Alvin-
like (where “Alvin” is a reference to Allochromatium vinosum).58,74 The Clostridial type 
Fds have isopotential clusters and are often referred to as CpFd, for the founding member  
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Figure 4.1.   Sequence alignment of characterized 2[4Fe-4S] ferredoxins, including the 
classical Clostridium pasteurianum and Allochromatium vinosum ferredoxins, along with 
the two ferredoxins from Chlorobium tepidum.  The cysteines binding the first cluster are 
highlighted in green, while the cysteines binding the second cluster are in cyan.  The 
proline of the cluster-binding motif is highlighted in yellow, where appropriate. 
  
of the class, Clostridium pasteurianum.75 The Alvin-like ferredoxins have novel structural 
and electrochemical properties, resulting in an ~-200 mV difference in potential for the 
clusters.58 In the case of the Alvin-like Fds, there is a six amino acid insertion between 
two cysteines of the second binding motif, resulting in a CXXCXXXXXXXXCXXXCP 
motif. 58 The Alvin-like Fds contain a cluster with an unusually low midpoint potential 
(~-650 mV) where the cluster is bound by the first three cysteines of the first binding 
motif and the fourth cysteine of the C-terminal motif.  In ferredoxins, a bulky non-polar 
residue located immediately before the fourth cysteine in the C-terminal motif is 
associated with the very low reduction potential of the cluster.58 Where Chapter 3 
described the electrochemical characterization of the methylthiotransferase AdoMet 
radical enzymes MiaB and RimO, here we describe the bioinformatics and 
electrochemical analyses of five ferredoxins from Thermotoga maritima, which could 
serve as the native electron donor for MiaB: TM0927, TM1175, TM1289, TM1533, and 
TM1815. Of these ferredoxins, only TM0927 contains a single [4Fe−4S] cluster and is 
also the only T. maritima Fd structurally characterized to date.  The rest of the T. 
maritima ferredoxins studied contain two [4Fe-4S] clusters.   
 
TM1815               MAEAKNAPLIGKDALGREVRDLSKVPWW---GVDRKEIEWYPTIDYDKCVTCGICFVTCG 57 
TM0927               ---------------------------------------MKVRVDADACIGCGVCENLCP 21 
TM1175               -----------------------------------MAKNWYPVIDYGKCTGCLTCVNFCP 25 
TM1533               ----------------MRIEDKLYLNRYRTDEENPHLKIKDESICAEKCS-DRPCVSCCP 43 
Pyrococcus           ------------------------------------MKKIKVLVNEDKCYLCGGCAGVCP 24 
TM1289               -----------------------------------------MPWVNSKCVGCGNCVKVCP 19 
Allochromatium       ---------------------------------------MALKIVKELCTACGDCEPVCP 21 
Hydrogenobacter      ---------------------------------------MAMQIDKEKCISCYACEQECP 21 
Clostridium          ---------------------------------------MAYKI-ADSCVSCGACASECP 20 
Chlorobium           ---------------------------------------MALYI-TEECTYCGACEPECP 20 
Ct                   ---------------------------------------MAHRI-TDECTYCAACEPECP 20 
                                                                     *     *   *  
 
TM1815               RRVFDFDKKEGKVIVARPYNCMVACQ-------TCMNLCPTGAISFPDASYIKKLVAQNK 110 
TM0927               DVFQLG--DDGKAKVLQPETDLPCAK-------DAADSCPTGAISVEE------------ 60 
TM1175               HGVYTA--ENGKPKVSNPDACVEFCK-------GCQKICPAGAINYSAEVSADG------ 70 
TM1533               ADVYEW--T-ESGMEVKFEGCLECGT--------CRIVCPFGNIEWNYPRGNYGVLY-KF 91 
Pyrococcus           ALAIRV--S--SSWQFFEDKCISCMI--------CIKACPVGALSYEEVAQ--------- 63 
TM1289               VEGAIR--IENGKAVIDNYKCIRCGK--------CFDACPVGAIRPNYENPALRGMGRGF 69 
Allochromatium       TMSISP--F-KGVYKIDASTCSECEGDGEPGTPQCMEACMEDDCIVPA------------ 66 
Hydrogenobacter      TKAISY--DEDGKFEIDPYTCVECEGFY--EEPQCVAVCPVDGCITRLEENKWAF----- 72 
Clostridium          VNAISQ--G-DSIFVIDADTCIDCGN--------CANVCPVGAPVQE------------- 56 
Chlorobium           TNAISA--G-SEIYVIDAASCNECAGFA--DSPACVAVCPAECIVQG------------- 62 
Ct                   VSAISA--G-DSIYVIDENVCVDCIGYH--DEPACVAVCPVDCIIKV------------- 62 
                                                       .   *                      
 
TM1815               I--VKKAFE--------IIKPLLAEDHLSPKETETKPEP 139 
TM0927               --------------------------------------- 60 
TM1175               --------------------------------------- 70 
TM1533               G-------------------------------------- 92 
Pyrococcus           --------------------------------------- 63 
TM1289               GRGLGRGFGRGMGRGYGRGRGRW--DEF----------- 95 
Allochromatium       --------------------------------------- 66 
Hydrogenobacter      --------------------------------------- 72 
Clostridium          --------------------------------------- 56 
Chlorobium           --------------------------------------- 62 
Ct                   --------------------------------------- 62 
 
 
CpFd        MAYKI-ADSCVSCGACASECPVNAISQGDSIFVIDADTCIDCGN--------CANVCPVG-APVQE 
AlvinFd     MALKIVKELCTACGDCEPVCPTMSISPFKGVYKIDASTCSECEGDGEPGTPQCMEACMEDDCIVPA 
CtFdI       MALYI-TEECTYCGACEPECPTNAISAGSEIYVIDAASCNECAGFAD--SPACVAVCPAE-CIVQG 
CtFdII      MAHRI-TDECTYCAACEPECPVSAISAGDSIYVIDENVCVDCIGYHD--EPACVAVCPVD-CIIKV 
            **  *  : *. *. *   **. :**  . :: **   * :*          *  .*    . : 
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4.2 Experiments 
4.2.1 Protein film voltammetry. Experiments were performed anaerobically in an MBraun 
Labmaster glovebox using a PGSTAT 12 potentiostat (EcoChemie).  A three-electrode 
configuration was used with a standard calomel reference electrode, a platinum wire 
counter electrode, and a pyrolytic graphite edge (PGE) working electrode in a water-
jacketed glass cell.  The electrochemical cell was thermostated using a circulating water 
bath and the reference electrode was maintained at room temperature in the course of the 
experiments.  Potentials reported are relative to the standard hydrogen electrode.   
 Baseline measurements were collected using the PGE electrode polished with 1 
µM alumina, rinsed, and placed into the cell containing a 10 °C mixed buffer solution 
composed of 10 mM MES, CHES, TAPS, HEPES, at pH 8.0 with 200 mM NaCl.   A 3 
µL sample of protein (ranging in concentration from 196 µM to 1.135 mM) was applied 
directly to the polished PGE electrode surface, the protein sample was removed after 3 
minutes, and the electrode was immediately placed back into the cell solution.  Non-
turnover electrochemical signals were analyzed by correction of the non-Faradaic 
component of the current from the raw data using the SOAS package.   
4.2.2 Temperature dependence of the reduction potential. The entropic component of the 
redox reaction was determined using the slope of a plot of Em vs. T (ΔS °rc = nF(dEm/dT)).  
The data was collected using a cell where the reference calomel electrode was maintained 
at a constant temperature (293 ± 0.5 K), while the cell containing the working electrode 
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was varied.  The enthalpic component was similarly determined by a Gibbs-Helmholtz 
plot (Em/T vs. 1/T).   
4.2.3 Proton-coupled electron transfer monitored with protein film voltammetry.  For 
measuring pH dependent voltammetry, the above buffer system was used, with the buffer 
pH adjusted with dilute KOH or HCl as needed.  To fit the pH dependent data, a one-
proton/one-electron model was used for cluster B of TM1175, as described by W.M. 
Clark 57, where m and n are both unity, R the ideal gas constant, T the temperature, and F 
the Faraday. 
                   eq 1.
 
 
4.3 Results 
4.3.1 Bioinformatics analysis of T. maritima ferredoxins. Of the five ferredoxins from T. 
maritima to be studied here, TM0927 has the fewest number of cysteine residues, with 
six cysteines, while the rest of the ferredoxins have at least eight, and TM1533 has nine 
cysteine residues.  The fewer cysteine residues in TM0927 are indicative of different 
cluster content between this protein and the other T. maritima ferredoxins to be studied.  
Indeed, TM0927 has been structurally characterized and contains a single [4Fe−4S] 
cluster (Figure 4.2), while the additional two cysteine residues form a disulfide bond in 
the protein.     
Em = Eacid +
m
n
!
"
#
$
%
&
RT
F
!
"
#
$
%
&ln
H +'( )*+Kred
H +'( )*+Kox
'
(
+
+
)
*
,
,
	  	   63	  
 
Figure 4.2.  Cartoon depiction of TM0927, showing the [4Fe−4S] cluster and the 
disulfide bond, made with PDB entry 1VJW.78   
 
 Sequence comparison of the other four T. maritima ferredoxins: TM1175, 
TM1289, TM1533, and TM1815, with the two canonical 2[4Fe−4S] Fds, can be used for 
predicting the cofactor composition and redox properties of the ferredoxins. The 
sequence alignment here indicates that these T. maritima ferredoxins contain two 
[4Fe−4S] clusters, as there are two cluster-binding motifs of CXXCXXCXXXCP, or with 
slight variations, in each T. maritima Fd sequence (Figure 4.3). From sequence 
comparison with CpFd and Alvin Fd, all four of these ferredoxins appear to fall in the 
Cp-like subclass of 2[4Fe−4S] Fds, as these Fds do not contain the six amino acid 
insertion that is a defining characteristic of the Alvin-subclass of Fds.  From this 
alignment and characterization as members of the Cp-subclass, the [4Fe−4S] clusters of 
each of these ferredoxins are expected to be isopotential.  However, there are some 
unusual variations in the cluster-binding motifs, which could impact the redox properties.  
TM1533 has an additional amino acid between the first and second cysteine residues and 
two amino acids inserted between the second and third cysteine of the first cluster-
binding motif.  Additionally, both TM1175 and TM1815 feature an additional amino acid 
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between the first and second cysteine of the second cluster-binding motif.  TM1815 also 
has a glycine residue instead of the canonical proline in the first binding motif, which 
may also contribute to altered redox properties.   
 
Figure 4.3. Sequence alignment of the four 2[4Fe-4S] Fds examined from T. maritima 
with the canonical CpFd and Alvin Fd.  The cysteines binding the first cluster are 
highlighted in green, while the cysteines binding the second cluster are in cyan.  The 
proline of the cluster-binding motif is highlighted in yellow, where appropriate. 
 
Canonical 2[4Fe−4S] Fds are small proteins, approximately 55 residues 
long.74,75,76,79,80 All four of the 2[4Fe-4S] ferredoxins from T. maritima are unusually long, 
with sequences ranging from 70 amino acids for TM1175 to 139 amino acids for 
TM1815.  While these are longer than typical Fds, a ferredoxin from Rhodobacter 
capsulatus (FdIII) has been characterized to be almost twice as long as most 2[4Fe-4S] 
Fds because it features an extended N-terminus and a 43 residue sequence between the 
two cluster binding motifs, which is usually only 18 amino acids.81 However, this 
extension between the binding motifs is not present in the T. maritima 2[4Fe-4S] Fds.  
TM1175      --------------------------------MAK--NWYPVIDYGKCTG-CL--TCVNFCPH 
TM1289      -------------------------------------MP---WVNSKCVG-CG--NCVKVCPV 
TM1533      -------------------MRIEDKLYLNRYRTDEENPHLKIKDESICAEKCSDRPCVSCCPA 
TM1815      MAEAKNAPLIGKDALGREVRDLSKVPWWGVDRKEI--EWYPTIDYDKCVT-CG--ICFVTCGR 
CpFd        ------------------------------------MAY---KIADSCVS-CG--ACASECPV 
AlvinFd     ------------------------------------MA--LKIVKELCTA-CG--DCEPVCPT 
                                                           *   *    *   *   
 
TM1175      GVYTA--ENGKPKVSNPDACVEFCKG--------CQKICPAGAINYSAEVSADG--------- 
TM1289      EGAIRIENGK--AVIDNYKCI-RCGK--------CFDACPVGAIRPNYENPALRGMGRGFGRG 
TM1533      DVYE-WTESG--MEVKFEGCL-ECGT--------CRIVCPFGNIEWNYPRGNYGV-LYKFG-- 
TM1815      RVFDFDKKEGKVIVARPYNCMVACQT--------CMNLCPTGAISFPDASYIKKLVAQ--NKI 
CpFd        NAI-SQGDSI--FVIDADTCI-DCGN--------CANVCPVGAPVQE---------------- 
AlvinFd     MSIS-PFKGV--YKIDASTCS-ECEGDGEPGTPQCMEACMEDD----CIVPA----------- 
                               *   *          *   *                      
 
TM1175      ---------------------------- 
TM1289      LGRGFGRGMGRGYGRGRGRW--DEF--- 
TM1533      ---------------------------- 
TM1815      VKKAFEIIKPLLAEDHLSPKETETKPEP 
CpFd        ---------------------------- 
AlvinFd     ---------------------------- 
                                                   #
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Instead, they feature an N-terminal or C-terminal extension, or both, as is the case for 
TM1815. 
 To further examine the sequence and structure of these low potential Fds, 
threading models of TM1175, TM1289, TM1533, and TM1815 were constructed using 
two methods (Figure 4.4). First, a homology model was generated using the Phyre2 
protein homology/analogy recognition engine.  Due to the long length of these proteins, 
and the limited number of structures available for ferredoxins, the Tm Fds models were 
based on longer proteins such as formate dehydrogenase, dihydropyrimidine 
dehydrogenase, flavoprotein ubiquinone oxidoreductase, and oxalate oxidoreductase 
(grey).  The Phyre2 engine was also used to generate a one-to-one threading model of the 
Tm ferredoxins onto the structure of Clostridium pasteurianum ferredoxin, due to the 
sequence similarity of the core domain (shown in cyan). One caveat with these models is 
the large difference in size between CpFd and the T. maritima Fds, preventing full 
analysis of the environment of the clusters. These threading models demonstrate the 
possible structural variability for the Tm ferredoxins, making meaningful conclusions 
about the contributions to the redox properties difficult without a crystal structure.  
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Figure 4.4.  Alignments of two homology models of (A) TM1175, (B) TM1289, (C) 
TM1533, and (D) TM1815, where the standard Phyre2 homology model is shown in grey 
and a one-to-one threading onto Clostridium pasteurianum (PDB 1CLF) is shown in 
cyan.  The cysteine side chains involved in the cluster-binding motifs are shown in stick 
representation.   
 
4.3.2 Protein film electrochemistry. Five ferredoxins were identified from Thermotoga 
maritima and characterized to complement unpublished data in the Booker lab for their 
ability to serve as the native electron donor for MiaB.  To directly correlate reduction 
TM1175 TM1289
TM1533 TM1815
A B
DC
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potentials for the ferredoxins to the potentials of MiaB, PFE of the Fds was performed at 
pH 8.  TM0927 is the only ferredoxin examined in this report containing a single [4Fe-
4S] cluster.  Figure 4.5 displays the resulting voltammogram of TM0927, with a single 
reversible feature with a midpoint potential of -420 mV (vs. SHE). The relationship of the 
cathodic and anodic peak heights with respect to scan rate shows a linear relationship, 
confirming an adsorbed species (Figure 4.5, inset).   
 
 
Figure 4.5.  Cyclic voltammetry of TM0927 with the baseline response of the electrode 
shown as the dashed line. Data was collected at 100 mV/s, pH 8.0, 200 mM NaCl, and 10 
°C.  The inset shows the dependence of peak height (ip) as a function of scan rate. 
 
TM1175 has two [4Fe-4S] clusters close in potential; however they are not 
isopotential with potentials of -395 and -490 mV at pH 8 (Figure 4.6A).  Following the 
established naming convention for clusters in 2[4Fe-4S] Fds, the cluster with the higher 
potential is cluster A.  Here, across a range of scan rates, the magnitude of the signal for 
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cluster A is larger than that for cluster B. This is unexpected, as the coverage for the 
clusters should be the same.  TM1289 also contains two [4Fe-4S] clusters; however, here 
the clusters have a larger separation in potential and display reversible peaks at -380 and -
560 mV (Figure 4.6B). Both of these peaks are consistent with one-electron centers with 
peak widths at half height of ~ 110 mV for both clusters. 
 
Figure 4.6. (A) Cyclic voltammetry of TM1175 with the baseline response of the 
electrode shown in the dashed lines and the dotted lines representing the fit for two one-
electron centers. (B) TM1289 on a PGE electrode with the baseline response of the 
electrode shown as dashed lines.  Data was collected at 100 mV/s, pH 8, 10 °C. 
 
 TM1533 and TM1815 display unusually low potentials for a 2[4Fe-4S] 
ferredoxin. Cluster A of TM1533 has a midpoint potential of -415 mV and cluster B is 
very low in potential at -710 mV (Figure 4.7A).  Similarly, cluster A of TM1815 has a 
reduction potential of -320 mV and cluster B has an unusually low potential of -725 mV 
(Figure 4.7B).  For both clusters in TM1533 and TM1815, the features are representative 
of one-electron centers as the peak-width at half height are ~100 mV, consistent with a 
–0.8 –0.6 –0.4 –0.2 0.0–400
–200
0
200
400
Potential (V vs SHE)
Cu
rre
nt
 (n
A)
A
–0.8 –0.6 –0.4 –0.2 0.0
–200
–100
0
100
200
Potential (V vs SHE)
Cu
rre
nt
 (n
A)
B
	  	   69	  
one electron process.  Potentials in this range have been observed for the [3Fe-4S]0/-2 
clusters of [3Fe-4S][4Fe-4S] ferredoxins82; however, a peak half as wide and four times 
as tall would be observed for a two-electron process, based on electrochemical theory, 
using equations 2 and 3.83 Here, ip is the current, δ is the peak width, F is the Faraday 
constant, n is the number of electrons, A is the geometric area, Γ is the surface coverage, 
R is the gas constant, and T is the temperature.  
𝑖!   =    !!!!!!!!!"     (eq. 2) 𝛿   = 3.53 !"!"      (eq. 3) 
 
Figure 4.7.  PFE response of (A) TM1533 and (B) TM1815 on PGE electrodes.  Data 
was collected at 100 mV/s, pH 8, 200 mM NaCl, and 10 °C.   
 
4.3.3 Temperature dependence of reduction potentials.  As T. maritima is a 
hyperthermophile, the impact of temperature on the reduction potential was examined. 
Figure 4.8A shows the temperature dependence of the midpoint potential of TM0927, 
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which appears biphasic, with two distinct regions of temperature dependence.  The first 
region, shown in black squares, has a slope of -0.869 mV/K, while the second region has 
a very modest slope of -0.005 mV/K.   The slopes of these linear fits can be related to the 
entropy change for the redox reaction, ΔS °rc/nF, yielding a value of -83.8 J/mol⋅K for the 
first phase (black) and -0.482 J/mol⋅K for the second phase (red).  A similar interpretation 
of the Gibbs-Helmholtz plot, shown in Figure 4.8B, gives the ΔH °rc for the process at 
the electrode, yielding a value of -17.0 kJ/mol for the first phase (black) and -42.5 kJ/mol 
for the second phase (red).  Over the temperature range examined, the midpoint potential 
for cluster A of TM1289 is linear with a slope of -0.444 mV/K, yielding an entropy 
change for the redox reaction of -42.8 J/mol⋅K (Figure 4.8C).  Figure 4.8D is the Gibbs-
Helmholtz plot giving ΔH°rc of -24.5 kJ/mol.   Cluster B of TM1289 does not exhibit a 
temperature dependence with midpoint potentials of -560 ± 3 mV over the temperature 
range examined.  Only TM0927 and TM1289 had films stable enough at elevated 
temperatures to allow for this analysis.  Even when a new film was generated for each 
temperature with TM1175, TM1533, and TM1815, signals were not observed for 
temperatures >30 °C.   
	  	   71	  
 
Figure 4.8.  (A) Temperature dependence of the midpoint potential of TM0927 and (B) 
the resulting Gibbs-Helmholtz plot.  The data appeared biphasic, requiring separate 
fitting for the two phases in both panels and A and B, where the black squares (and solid 
line) represent the first temperature-dependent phase, and the red squares (and dashed 
line) represent the second phase of the temperature-dependent in the panels.  Data was 
collected at 100 mV/s and pH 8. (C) Temperature dependence of the midpoint potential 
of TM1289. Data was collected at 100 mV/s and pH 8 and the closed square and open 
circle represent clusters A and B, respectively, for the film cooled back to 283 K. (D) The 
resulting Gibbs-Helmholtz plot. 
 
4.3.4 Proton-coupled electron transfer with protein film voltammetry.  The possibility of 
proton-coupled electron transfer for these ferredoxins was investigated by monitoring the 
midpoint potentials over a pH range of 4 to 10.  Based on electrochemical theory, the pH-
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dependence for a one-electron: one-proton process would be -56 mV/pH unit at 10 °C. 
Very modest, essentially pH invariant slopes of -6 mV/pH unit to -13 mV/pH unit were 
observed for the FeS clusters in TM0927, TM1289, TM1533, and TM1815 (data not 
shown).  While cluster A of TM1175 has a modest slope of -6 mV/pH unit, cluster B 
displays a slope of -31 mV/pH unit (Figure 4.9), and can be fit to a one-proton: one-
electron coupled process with closely spaced pKs.57  Here, pKox is 6.4 and pKred is 7.3, 
with a midpoint point potential at acidic conditions (Eacid) of -456 mV, based on eq. 1.   
 
Figure 4.9.  Pourbaix diagram of TM1175 with cluster A shown in open squares and 
cluster B shown in closed circles.  Data was collected at 100 mV/s, 10 °C.   
 
 
4.4 Discussion 
4.4.1 Protein film electrochemistry of TM0927, the sole mono-cluster Fd from T. 
maritima.  The monocluster [4Fe-4S] ferredoxin from Thermotoga maritima, TM0927, 
was examined with protein film electrochemistry and was determined to have a reduction 
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potential of -420 mV (Figure 4.4).  This is slightly lower in potential than a previous 
study, which measured a potential of -388 mV using differential pulse voltammetry.84 
Both potentials are in the expected range of -280 to -715 mV for a [4Fe-4S]+2/+1 
cluster.74,79, 80, 85,86 There are only a few ferredoxins containing a single [4Fe-4S] cluster 
that have been electrochemically characterized to date.  Table 4.1 lists the reduction 
potentials for characterized [4Fe-4S] Fds, where the potentials range from -370 mV to -
426 mV.87,88,89 Pyrococcus furiosus ferredoxin has unusual ligation of the [4Fe-4S] cluster 
with three cysteines and one aspartic acid ligand.  The potential for this unusual cluster is 
-370 mV and when the aspartic acid was mutated to the canonical cysteine, the potential 
of the cluster decreased to -426 mV.89 This is very close to the value measured for 
TM0927, which shares 50 % sequence identity with the D14C variant of P. furiosus Fd.   
Table 4.1. Reduction potentials of [4Fe-4S] ferredoxins.  
Ferredoxin Em (mV vs. SHE) Reference 
Bacillus polymyxa FdI -380 88 
Bacillus polymyxa FdII -420 88 
Desulfovibrio vulgaris Miyazaki FdII -417 87 
Pyrococcus furiosus Fd -370 89 
Pyrococcus furiosus D14C Fd -426 89 
TM0927 -420 This Study 
 
4.4.2 Redox chemistry of four 2[4Fe-4S] Ferredoxins.  Four additional ferredoxins from 
T. maritima were examined, all containing two [4Fe-4S] clusters.  These ferredoxins 
display unusual sequence and electrochemical properties compared to the two classical 
ferredoxin subfamilies exemplified by Clostridium pasteurianum Fd (CpFd) and 
Allochromatium vinsosum Fd (Alvin), indicating that the ferredoxin family is more 
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diverse than previously believed.  Typically, bacterial 2[4Fe-4S] Fds are small proteins 
approximately 55 amino acids in length with two CXXCXXCXXXCP binding motifs 
separated by 18 amino acids.74,75,76,79,85,90,91 The Clostridial-like Fds feature isopotential 
clusters, where both clusters are measured to have the same potential.  In contrast, the 
Alvin-like subfamily of Fds is characterized by a six amino acid insertion between the 
second and third cysteines in the second binding motif.  This insertion is believed to 
impart the unique low potential of ~ -650 mV observed for these Fds, resulting in an ~-
200 mV difference in reduction potential between the two clusters.58 In contrast to the 
canonical Cp and Alvin Fds, the Tm Fds all have distinct potentials for both clusters; 
however, bioinformatics analysis suggests that these ferredoxins are of the Clostridial 
type, as they do not contain the six amino acid insertion in the second cluster-binding 
motif, as seen in Figure 4.3.  
 The reduction potentials for the clusters in TM1175 are -390 mV and -495 mV for 
cluster A and cluster B, respectively (Figure 4.6A).  Unexpectedly, in all scans the signal 
observed for cluster A is larger than that of cluster B, despite both centers being one 
electron centers which should have equal coverage.  This could be due to the orientation 
of the protein on the electrode, with cluster A positioned closer to the electrode, as the 
non-covalent adsorption of TM1175 to the electrode results in a distribution of 
orientations.  TM1175 shares 49 % sequence identity with the CpFd and 45 % identity 
with Chlorobium tepidum Fd, indicating that much of sequence space is not identical, and 
supporting that differences in potentials could exist, though for reasons yet to be 
determined structurally.  TM1289 has reduction potentials more similar to those of Alvin-
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like Fds with -380 mV and -560 mV for the two clusters, despite lacking the six amino 
acid insertion in the second cluster-binding motif (Figure 4.6B).  
 Characterization of TM1533 and TM1815 also exhibit unusually low potentials 
for 2[4Fe−4S] Fds. TM1533 displays potentials of -415 mV and -710 mV with peak 
widths at half height of ~100 mV, consistent with two one-electron centers (Figure 
4.7A).  TM1533 does not contain the Alvin-type six amino acid insertion in the second 
cluster-binding motif, which could account for the -710 mV potential of cluster B. 
However, TM1533 features an unusual binding motif with three inserted amino acids, 
which may shield the cluster, resulting in the low potential. Similar to TM1533, TM1815 
has a low potential for cluster B at -725 mV.  The potential for cluster A is higher at -315 
mV (Figure 4.7B).  Both features are consistent with one-electron centers and are in the 
range for the +2/+1 couple of a [4Fe-4S] cluster.  However, TM1815 has the lowest 
potential reported for a 2[4Fe-4S] Fd to date.  Despite having unusual electrochemical 
properties, TM1815 shares 41 % sequence identity with CpFd, again demonstrating 
sequence variability that could contribute to these redox properties.  The first binding 
motif in TM1815 features the canonical proline residue replaced with a glycine.  Proline 
replacement has only been observed for a few sequences of bacterial ferredoxins, 
including Desulfovibrio africanus FdIII, D. vulgaris Miyazaki Fd, and Rhodobacter 
capsulatus FdI.92,93,94 Previous studies on CpFd have examined the impact of the proline 
residue on the reduction potential of the cluster and found that when mutated to lysine, 
asparagine, methionine, threonine, or lysine, the potential shifted by no more than 20 mV, 
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indicating that while this residue does affect the potential, it likely is not a major 
contributor to tuning the potential.75 
 In further examining the sequences of these Tm Fds to rationalize the unusual 
redox potentials for 2[4Fe-4S] Fds, TM1175, TM1533, and TM1815 all have non-
canonical binding motifs with additional amino acids inserted in the cluster-binding 
motifs. The impact of inserted amino acids in the cluster-binding motif has been 
previously assessed for Rhodobacter capsulatus FdI, (FdxN) involved in the nitrogen 
fixation pathway. FdI is an Alvin-type 2[4Fe−4S] Fd, containing the six amino acid 
insertion. For the native enzyme, both clusters exhibited reduction potentials of -490 mV.   
When the eight amino acid sequence was mutated to glycine and alanine to give the more 
conventional two amino acid length, the potential for one of the clusters shifted positive 
in potential to -430 mV (Δ+60 mV).   Along with structural modeling, it was proposed 
that the inserted amino acids form a loop-out region, which shields the cluster, thus 
lowering the potential.95 The amino acids inserted in the cluster-binding motifs for these 
proteins likely are not solely responsible for the redox properties observed, as TM1289 
has the canonical Cp Fd binding motifs, but still displays unusual redox properties. 
However, the cluster-binding motifs for these proteins contain more, and bulkier, 
hydrophobic residues, which may act to prevent surface accessibility to the clusters, 
resulting in the lower reduction potential. Additionally, the N-terminal and C-terminal 
extensions found in the Tm Fds may further shield the clusters; however further structural 
analysis is required for this conclusion.   
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 To further understand the significance of the length and potentials of these 
ferredoxins, the genomic context was examined to analyze whether these proteins are 
located in an operon that may give clues to their role. TM1290 in T. maritima is a 
putative NifB protein, involved in the nif nitrogen fixation pathway.  Ferredoxins have 
been found immediately downstream from NifB in a number of organisms, including 
Anabaena sp., Bradyrhizobium japonicum, and Rhizobium meliloti.96,97,98 In Azotobacter 
vinelandii, there is a ferredoxin located next to nifB and the two genes are co-
transcribed.99,100 TM1289 may serve this role for TM1290 and be a ferredoxin involved in 
the nif pathway.   Additionally, TM1533 has strong sequence similarity to ferredoxins of 
the fix nitrogen fixation pathway (FixX), with 49 % sequence identity with the FixX 
protein from A. vinelandii. Further examination of the genomic region surrounding 
TM1533 shows that TM1530, TM1531, and TM1532 are FixA, FixB, and FixC, 
respectively, completing the FixABCX nitrogen fixation operon.  The A. vinelandii FixFd 
has been characterized to have two isopotential [4Fe-4S] clusters with reduction 
potentials of -440 mV.100 This is quite different than the potentials reported here for 
TM1533 (-415 and -710 mV), further raising the question of the potentials in TM1533.  
TM1815 may also be involved in the nif pathway, as the conserved domain for TM1815 
is fdxN, and TM1816 is a predicted Nif X,Y-like protein.   
 As the the three T. maritima ferredoxins with low potential clusters TM1289, 
TM1533, and TM1815, are all located next to genes predicted to be involved in either the 
nif or fix nitrogen fixation pathways, the low potentials may be significant to serving as 
suitable electron donors for these pathways.   However, the potentials for ferredoxins of 
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other fix and nif pathways have not been extensively studied and those that have been 
studied are not reported to be as low in potential as measured for the T. maritima 
proteins.  There are two 2[4Fe-4S] Fds from R. capsulatus that are believed to be part of 
the nif operon: FdIII and FdI (FdxN).  Both of these Fds have isopotential clusters with 
midpoint potentials of -440 mV81 and -490 mV95 for FdIII and FdI, respectively. 
Additionally, the A. vinelandii Fix Fd also has isopotential clusters with potentials of -
440 mV.100  
 Table 2 summarizes the potentials measured for the 2[4Fe-4S] Fd clusters of the 
five ferredoxins of T. maritima along with the potentials for other 2[4Fe-4S] Fds. The 
potentials of the T. maritima 2[4Fe-4S] Fds mostly lie in the -330 to -675 mV range 
reported for other 2[4Fe-4S] Fds.58,74-77,90,95,100 In terms of the native electron donor for 
MiaB, all of the ferredoxins from T. maritima examined contain at least one cluster with 
a potential capable of reducing MiaB, based on the potentials for the clusters in Bt MiaB 
(-390, -450 mV) determined in Chapter 3. However, based on their proximity to proteins 
of the nif and fix operons, TM1289, TM1533, and TM18155, likely are not the electron 
donor. TM0927 and TM1175 both should be able to reduce MiaB; however the potential 
of TM0927 is more closely matched for reducing MiaB and does not contain the higher 
potential second cluster.   Unpublished work in the Booker lab has used activity assays to 
determine which ferredoxin MiaB has the highest activity with, while minimizing 
abortive cleavage.  TM0927, the only single [4Fe−4S] cluster ferredoxin examined, was 
found to be the most efficient electron donor for MiaB.   
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Table 2.  Reduction potentials of 2[4Fe-4S] Fds.   
Ferredoxin	   Em	  Cluster	  
A	  
Em	  Cluster	  
B	  	  
Reference	  
Clostridium	  pasteurianum	  Fd	   -­‐380	   -­‐380	   75	  
Chlorobium	  tepidum	  FdI	   -­‐514	   -­‐514	   76	  
Chlorobium	  tepidum	  FdII	   -­‐584	   -­‐584	   76	  
Chromatium	  vinosum	  Fd	   -­‐460	   -­‐655	   74	  
Allochromatium	  vinosum	  FdIII	   -­‐486	   -­‐644	   58	  
Thauera aromatica Fd -431 -587 77 
Azotobacter	  vinelandii	  Fix	  Fd	   -­‐440	   -­‐440	   85	  
Escherichia	  coli	  Fd	   -­‐418	   -­‐675	   58	  
Pseudomonas	  aeruginosa	  Fd	   -­‐475	   -­‐655	   90	  
Entamoeba	  histolytica	  Fd	   -­‐333	   -­‐333	   79	  
Rhodobacter	  capsulatus	  FdI,	  FdxN	   -­‐490	   -­‐490	   81	  
Rhodobacter	  capsulatus	  FdI,	  FdxNGA	  	   -­‐490	   -­‐430	   81	  TM1175	   -­‐395	   -­‐490	   This	  Study	  TM1289	   -­‐380	   -­‐570	   This	  Study	  TM1533	   -­‐415	   -­‐710	   This	  Study	  TM1815	   -­‐320	   -­‐725	   This	  Study	  
 
4.4.3 Temperature dependence of reduction potentials. As T. maritima is a 
hyperthermophilic organism with a growth optimum of ~80 °C101, the temperature 
dependence of the reduction potential for the ferredoxins was investigated.  Only 
TM0927 and TM1289 were suitable for this analysis; TM1175, TM1533, and TM1815, 
all had films that were unstable at elevated temperatures, preventing measurement of the 
reduction potentials.  TM0927 and TM1289 both showed a decrease in reduction 
potential as the temperature increased (Figure 4.8).  TM0927 displayed a biphasic 
temperature dependence, which showed a larger dependence on temperature at lower 
temperatures. Above 30 °C, the temperature dependence of the midpoint potential of 
TM0927 is diminished, which may be important for the thermal stability of this protein.  
In contrast, only cluster A of TM1289 shows clear temperature dependence.  The slope of 
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these plots can be used to determine the entropic component of the redox reaction.  For 
TM0927, the ΔS °rc is -83.8 J/mol⋅K at low temperatures, and -0.482 J/mol⋅K at elevated 
temperatures. The ΔS °rc value for cluster A of TM1289 is  -42.8 J/mol⋅K.   These 
relatively large negative entropy values could be attributed to conformation and/or 
solvation effects, as seen as a more rigid reduced protein or charge neutralization in 
reduced protein with more ordered waters.   
4.4.4 Proton coupled electron transfer with protein film voltammetry. PFV was used to 
examine whether the Fds from T. maritima have proton-coupled electron transfer.  The 
clusters in TM0927, TM1289, TM1533, and TM1815 all were essentially pH invariant 
with very modest slopes of -6 mV/pH to -13 mV/pH unit over a range of pH 4 to 10.  
These are much less than the slope of -56 mV/pH unit expected for a one-proton: one-
electron coupled process (at 10 °C).  Cluster A of TM1175 also displays a modest slope 
of -6 mV/pH unit; however, cluster B has a slope of -31 mV/pH unit across physiological 
pH (Figure 4.9).  This cluster fits to a one-proton: one-electron coupled process, where 
pKox and pKred are close to one another.   The availability of a crystal structure for 
TM1175 would allow for a hypothesis of the site of protonation.   
 
4.5 Conclusions 
 The electrochemical properties for five ferredoxins from Thermotoga maritima 
were examined, as a ferredoxin is believed to be the native electron donor for MiaB.  Of 
these five Fds, TM0927 was the only [4Fe-4S] Fd examined and displayed 
electrochemical properties similar to those reported for other [4Fe-4S] Fds.  TM1175, 
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TM1289, TM1533, and TM1815 all were 2[Fe-4S] Fds displaying unique 
electrochemical properties. Based on sequence similarity, these 2[4Fe-4S] Fds appear to 
belong to the CpFd subclass of ferredoxins; however, the potentials observed here are 
more similar to those of the Alvin-like subclass, suggesting that the sequence and 
electrochemical properties of Fds are more diverse than originally believed.  The 
availability of crystal structures for these T. maritima ferredoxins would allow for 
elucidation of the factors that contribute to these unique redox properties. Additionally, 
the low potentials of the [4Fe-4S]+2/+1 couple of the clusters in TM1533 and TM1815, are 
unusually low in potential (<-700 mV), and indicate that the biological potential window 
is lower than once thought.   	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Chapter 5 
(A portion of this work is reformatted from Blaszczyk et al. JACS 2015, Just 
Accepted) 
5.1 Introduction 
 A subset of AdoMet radical enzymes has been identified as B12-dependent.  These 
enzymes contain the canonical [4Fe−4S] cluster found in the CXXXCXXC motif and 
also contain a cobalamin-binding domain.32,102-106 While cobalamin binding has been 
characterized for these enzymes, the details of their mechanism are still largely unknown.  
This chapter describes the electrochemical characterization of two members of this 
subclass: TsrM and OxsB.   Both enzymes have been characterized to contain a 
methylcobalamin (MeCbl) cofactor in addition to the AdoMet radical [4Fe−4S] cluster.  
TsrM from Streptomyces laurentii catalyzes the methylation of a tryptophan in the 
biosynthesis of the antibiotic thiostrepton A (Figure 5.1A).102,103,106 In contrast, OxsB 
from Bacillus megaterium is believed to catalyze a ring contraction of adenosine in 
oxetanocin biosynthesis (Figure 5.1B), however its exact reaction is still being 
examined.8,33 Also presented in this figure, are cartoon depictions of TsrM and OxsB, 
where both are expected to have a partial triose-phosphate isomerase (TIM) barrel fold, a 
characteristic fold of AdoMet radical enzymes, and will house the [4Fe−4S] cluster.42 
Both OxsB and TsrM feature an N-terminal cobalamin-binding domain; the orientation of 
this domain with respect to the FeS cluster is currently unclear.   
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Figure 5.1.  Reaction schemes of (A) TsrM and (B) OxsB, and (C) structural model 
representing TsrM made using the structure of HemN (PDB 1OLT) for the AdoMet 
radical domain.   
 
 Cobalamin is a complex metallocofactor with cobalt bound in the center of a 
corrin ring (Figure 5.2A).  There is also a dimethylbenzimidazole base that can bind to 
the cobalt ion as the lower axial ligand, referred to as the “base-on” form.  Additionally, 
there are various forms of cobalamin possible, based on the upper axial ligand.  Possible 
ligands include cyanide, water, methyl, and adenosine.  The cobalamin can also access 
multiple oxidation states: +3, +2, and +1.   All of these different forms of cobalamin will 
exhibit different redox properties, making the analysis of cobalamin even more complex.   
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Figure 5.2.  (A) Structure of cobalamin with the dimethylbenziimidazole bound as the 
axial ligand. R can be methyl, hydroxide, cyanide, water, or adenosine.  (B) Pourbaix 
diagram of the redox properties and states of aquocobalamin. The reported reduction 
potentials of methionine synthase (cyan squares) and corrinoid iron-sulfur protein 
(magenta star) are also noted.   
 
 Understanding the redox properties of the cofactors in the B12-dependent AdoMet 
radical enzymes will help shed light on their mechanism and the role of the cobalamin 
(Cbl) cofactor.  Additionally, the redox properties of Cbl in general are very poorly 
understood.  The most comprehensive study of the redox properties of Cbl was performed 
by Lexa and Savéant for Cbl in buffered, aqueous solutions.35,36 These data are shown in 
the Pourbaix diagram of Figure 5.2B, displaying the key states of Cbl, with the phases of 
proton transfers and redox reactions shown.  Also noted in Figure 5.2B are the reported 
potentials for the cobalamin cofactor in methionine synthase40 (MetH, cyan squares) and 
corrinoid iron-sulfur protein107 (CobFeS, magenta star).  While these enzymes are not 
members of the AdoMet radical enzyme superfamily, they are the only Cbl-containing 
proteins to have the potentials for the Cbl cofactor determined.   In studying the redox 
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properties of TsrM and OxsB, it will provide insight into this emerging B12-dependent 
subclass of AdoMet radical enzymes, while allowing for better understanding of the 
redox properties of Cbl in general.   
 
5.2 Experimental 
5.2.1 Nonturnover protein film voltammetry.  TsrM was exchanged into electrochemistry 
buffer (25 mM HEPES, pH 7.5, 300 mM KCl, 5 % glycerol, and 1 mM DTT) by 
anaerobic gel-filtration chromatography (AGFC) and then concentrated to 450 µM. 
Methylated TsrM samples were generated by incubation of 110 µM TsrM with 200 µM 
dithionite for 1 minute to generate cob(I)alamin, followed by addition of 400 µM 
AdoMet for 5 minutes to form methylcobalamin.  The reaction was then exchanged into 
electrochemistry buffer lacking DTT by AGFC and concentrated to 450 µM.   
 Electrochemical experiments were carried out anaerobically in an MBraun 
Labmaster glovebox using a PGSTAT 12 potentiostat (EcoChemie).  A three-electrode 
configuration was used in a water-jacketed glass cell.  A platinum wire was used as the 
counter electrode and the reference electrode was a standard calomel electrode.  Reported 
potentials are relative to the standard hydrogen electrode.   
 Baseline measurements were collected using a pyrolytic graphite edge (PGE) 
electrode that was polished with 1 µm alumina, rinsed, and placed into a glass cell 
containing a 10 °C mixed buffer solution (10 mM MES, 10 mM CHES, 10 mM TAPS, 
10 mM HEPES), pH 8.0, with 200 mM NaCl.  A 3 µL aliquot of 350 µM protein was 
applied directly to the polished PGE electrode surface, removed, and the electrode was 
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placed back into the buffer cell solution.   Experiments with the methylcobalamin form of 
TsrM were performed in the dark using a red light to prevent photolysis.  Cyclic 
voltammograms were collected at 10 °C with a scan rate of 100 mV/s, and 
electrochemical signals were analyzed by correction of the non-Faradaic component from 
the raw data using the SOAS package.56 
 Nonturnover PFE of OxsB was performed in the same manner as TsrM and under 
the same conditions.   OxsB was chemically reconstituted for both iron-sulfur cluster 
content and cobalamin, allowing control of the cofactor content.  For chemical 
reconstitution of the cobalamin, a 10 mM stock of methylcobalamin or aquocobalamin 
were used and an equimolar amount of the cobalamin was added to 500 µM OxsB and 
allowed to incubate for 10 minutes before using the sample.  Experiments on the MeCbl-
containing OxsB sample were performed in the dark with a red-light source.   
 The B12-dependent enzyme QueG was also analyzed with nonturnover PFE to 
serve as a comparison to the B12-dependent AdoMet radical enzymes.  As with TsrM and 
OxsB, QueG did not require a co-adsorbate.  Experiments were performed under the 
same conditions as used above for TsrM and OxsB to allow for direct comparison.   
5.2.2 Proton-coupled electron transfer (PCET) with protein film electrochemistry. For 
measuring the pH-dependent voltammetry, the above buffer system was used, with the 
buffer pH adjusted with dilute KOH or HCl as needed.  Scans were taken at 100 mV/s for 
analyzing the pH-dependence, and scans were also taken at lower scan rates (10 mV/s) 
for further analysis.  As-isolated TsrM and methylcobalamin (MeCbl) TsrM, and OxsB 
samples were subjected to the pH-dependence analysis.   
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5.2.3 Substrate binding with protein film electrochemistry.  S-adenosylhomocysteine 
(SAH) binding was performed in cyclic voltammetry mode using the same buffer system 
as above (pH 8.0) with a cell volume of 500 µL.  Measurements were taken in the 
absence of SAH and then SAH was added to final concentrations of 30 µM to 2 mM and 
measurements were taken again. Similar experiments were performed where 500 µM 
AdoMet or S-adenosylhomocysteine and tryptophan were added to the cell solution and 
measurements were taken in square wave voltammetry and cyclic voltammetry mode.   
 
5.3 Results 
5.3.1 Nonturnover protein film electrochemistry. TsrM is purified with a 1:1 cobalamin to 
protein ratio and analysis of iron and sulfide showed 3.4 ± 0.4 mol of iron and 3.1 ± 0.2 
mol of sulfide, indicating a single [4Fe−4S] cluster. 106  TsrM non-covalently adsorbed on 
PGE electrodes displays two redox couples by cyclic voltammetry (Figure 5.3A).  One 
quasi-reversible feature exhibits a midpoint potential of -550 mV while the other has a 
midpoint potential of -140 mV. Observations made in the Booker lab by EPR and UV-vis 
spectroscopies indicated that cobalamin is present as a mixture of states, where the 
cobalamin was 65 % in the cob(III)alamin form as both methylcobalamin and 
hydroxocobalamin, and the other 35 % was a mixture of cob(II)alamin and cob(I)alamin. 
Therefore, a predominantly methylcobalamin form of TsrM was generated by first 
reducing the protein with dithionite for 1 minute, and then incubating the reduced protein 
with AdoMet for 1 minute.   To ensure that methylation of cobalamin occurred, the 
reaction was monitored by UV-vis spectroscopy.  After addition of dithionite, an increase 
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in absorption at 390 nm was observed, corresponding to cob(I)alamin formation, and only 
after addition of AdoMet did this absorption decrease, with a new increase in absorption 
at 450 nm, consistent with formation of methylcobalamin with neither histidine not 
dimethylbenzimidazole ligation in the lower-axial position.108 This observation is 
consistent with the same conclusion drawn from EPR spectroscopy about the 
coordination geometry of the cob(II)alamin form of the enzyme.  To remove excess 
AdoMet and dithionite, the reaction was exchanged into gel-filtration buffer lacking DTT 
by AGFC.  We presume that a methylcobalamin form of TsrM may not be tractable for 
study by PFE, as methylcobalamin itself would not be amenable to a reversible 
reduction.109   However, the methylcobalamin-containing form of TsrM shows a single 
reversible feature at -560 mV by PFE (Figure 5.3B), evocative of the recent results on 
the electrochemistry of the AdoMet radical enzyme BtrN, studied in Chapter 2.  
Currently our model is that the -140 mV feature seen in Figure 5.3A represents a 
hydroxo/aquo-cobalamin (III/II) couple, while the feature at -550 mV is likely the 
[4Fe−4S] cluster, with a possible contribution from the cobalamin (II/I) redox couple.  
We note that the potential for the TsrM [4Fe−4S] cluster is consistent with previously 
reported potentials for one of the [4Fe−4S] clusters in BtrN1 and the [4Fe−4S] cluster in 
lysine 2,3-aminomutase20.  
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Figure 5.3.  Cyclic voltammograms of (A) as-isolated and (B) methylcobalamin TsrM at 
a scan rate of 100 mV/s, pH 8, and 10 °C.   
 
 Nonturnover PFE was performed for OxsB, another B12-dependent AdoMet 
radical enzyme.  In contrast to TsrM, OxsB is chemically reconstituted for both iron-
sulfur cluster and cobalamin content.  This allowed precise control of the cofactors 
analyzed in OxsB.  The samples analyzed for OxsB were: FeS only, FeS and 
aquocobalamin (AqCbl), and FeS and MeCbl.  Using these three constructs of OxsB 
should aid in assignment of features for OxsB and, possibly shed light on features seen 
with TsrM.  Figure 5.4A shows square wave voltammetry of the FeS-only OxsB where a 
single feature is seen at -550 mV, consistent with a single one-electron center.  Samples 
reconstituted with AqCbl and FeS display two features, similar to those seen with as-
isolated TsrM, where there is a low potential feature at -550 mV and a higher potential 
feature at -150 mV (Figure 5.4B).  The signal at -150 mV can be attributed to the 
hydroxylcobalamin (III/II) couple seen at a similar potential in TsrM.  Figure 5.4C is the 
cyclic voltammogram of MeCbl OxsB displaying a single feature at -535 mV.  This 
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feature is believed to represent the [4Fe-4S] cluster, as in the case of TsrM, where the 
methylcobalamin reduction is not believed to be readily reversible.109   
 
Figure 5.4.  (A) Square wave voltammogram of FeS-only OxsB, collected at 10 Hz, Eamp 
= 20 mV, pH 8, 10 °C.  (B) Cyclic voltammogram of OxsB containing the FeS cluster 
and aquocobalamin, where the dashed line is the baseline response of the electrode and 
the inset is the baseline-corrected data.  Data was collected at 100 mV/s, pH 8, 10 °C.  
(C) Cyclic voltammogram of OxsB containing the FeS cluster and methylcobalamin, 
where the dashed line is the baseline response of the electrode and the inset is the 
baseline-corrected data. Data was collected at 100 mV/s, pH 8, 10 °C. 
 
 To serve as a comparison with the B12-dependent AdoMet radical enzymes, the 
redox properties of the B12-dependent enzyme, QueG, involved in the biosynthesis of the 
hypermodified base queuosine in tRNA110, were also examined with protein film 
electrochemistry.  The structure of QueG is shown in Figure 5.5A and features a redox 
chain consisting of two [4Fe−4S] clusters in addition to a cob(II)alamin in the base-off 
form. This structure highlights the differences between QueG and the B12-dependent 
AdoMet radical enzymes, where the overall fold is very different and this may be 
reflected in the redox properties of the cofactors.  Similar to OxsB and TsrM, a stable 
film of QueG is generated on a PGE without the need for co-adsorbates. Figure 5.5B 
shows a single feature is seen in the cyclic voltammogram with a peak-width at half-
height of 150 mV, much broader than the 86 mV/n predicted by electrochemical theory 
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for a single one-electron center (at 10 °C).  This indicates that the feature is representative 
of two one-electron centers with reduction potentials of -575 mV and -510 mV (vs. SHE) 
at pH 8 and can be assigned to the +2/+1 couple of the two [4Fe−4S] clusters.  
 
Figure 5.5.  (A) Crystal structure of QueG, showing the disposition of the cobalamin and 
[4Fe−4S] clusters, constructed with PDB 5D6S.  (B) Cyclic voltammogram of QueG 
deposited on a PGE electrode, with the baseline response of the electrode shown as the 
dashed line.  The baseline-corrected data is shown as the inset, with the fitting for the two 
one-electron centers displayed in dotted lines.  Data was collected at 100 mV/s, pH 8, 200 
mM NaCl, and 10 °C. 
 
5.3.2 Proton-coupled electron transfer (PCET) with protein film electrochemistry.  The 
possibility of proton-coupled electron transfer with TsrM was examined with PFE. Both 
the as-isolated TsrM and MeCbl TsrM were used for this analysis.   As-isolated TsrM 
displays a slope of -52 mV/pH unit for the feature at -140 mV, while the feature at -550 
mV is very modestly pH-dependent with a slope of -12 mV/pH unit (Figure 5.6A, black 
circles).  Figure 5.6A shows that MeCbl TsrM exhibits very modest pH dependence with 
a slope of -13 mV/pH unit, as seen for the low potential feature in the as-isolated TsrM 
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sample.  This indicates electron transfer is not directly coupled to proton transfer for this 
center, as the slope expected for a one-electron: one-proton couple process is -56 mV/pH 
unit at 10 °C.57  However, when the scan rate is lowered at low pH values, an irreversible, 
reductive feature is seen around -750 mV (Figure 5.6B).  This feature is not observed 
under the same scan conditions at higher pH values (pH 8.0), indicating that its 
appearance is dependent on protons, as well as kinetics.   
 
Figure 5.6.  (A) Pourbaix diagram of as-isolated TsrM (open and closed black circles) 
and methylcobalamin TsrM (red squares).  Data was collected at 100 mV/s, pH 8, and 10 
°C.  (B) Cyclic voltammograms of methylcobalamin TsrM at pH 5 (red) and pH 8 (black) 
collected at 10 mV/s and 10 °C. 
 
 The OxsB samples were also subjected to an analysis for proton-coupled electron 
transfer; however, the FeS-only sample of OxsB was not stable enough for the pH-
dependent studies.  For the AqCbl sample, the feature at -150 mV displays a pH 
dependence of -52 mV/pH unit, consistent with a one-electron: one-proton coupled 
process (Figure 5.7).  However, the feature at -550 mV is essentially pH-invariant 
displaying the modest -13 mV/pH unit dependence seen with the pre-methylated TsrM.  
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MeCbl OxsB displays a very modest pH-dependence with a slope of -12 mV/pH unit 
(data not shown). For both TsrM and MeCbl, the only feature that has indicated proton-
coupled electron transfer is the higher potential feature with a midpoint potential of ~-150 
mV associated with the hydroxo/aquo-cobalamin (III/II) couple.   
 
Figure 5.7.  Pourbaix diagram of OxsB containing the FeS cluster and aquocobalamin.  
Data was collected at 100 mV/s and 10 °C.  
 
5.3.3 Substrate binding with protein film electrochemistry.  S-adenosylhomocysteine 
(SAH) was used as an analogue of AdoMet to assess the impact of AdoMet binding on 
the potentials observed without the complication of reactivity.  Upon adding 500 µM 
SAH to the cell solution, the peak at -560 mV shifts +50 mV positive in potential (Figure 
5.8A).  This shift in potential is similar to the impact of binding AdoMet observed with 
other AdoMet radical enzymes.  Figure 5.8A also seems to show formation of an 
irreversible feature in the reductive scan around -700 mV.   These changes seen upon 
addition of SAH are reversible, as replacement of the cell solution with fresh buffer 
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lacking SAH yields the original signals observed.   The midpoint potential of MeCbl 
TsrM was monitored as SAH was titrated in to the cell solution, displaying a 
concentration dependence on the midpoint potential (Figure 5.8B).  This titration of SAH 
shows the potential is dependent on the concentration of SAH; however, the slope of this 
shift in potential is much steeper than the expected -59 mV/ decade substrate 
concentration, and may indicate a sense of cooperativity.   
 
Figure 5.8. (A) Cyclic voltammograms of MeCbl TsrM in the absence (black) and 
presence of 500 µM S-adenosylhomocysteine (red).  (B) Midpoint potential of the FeS 
cluster in MeCbl TsrM as a function of the concentration of S-adenosylhomocysteine.  
Data was collected at 100 mV/s, pH 8, and 10 °C.   
 
The impact of AdoMet binding was also assessed for MeCbl TsrM.  With 500 µM 
of AdoMet added to the cell solution, there is a positive shift in potential of +25 mV for 
the FeS cluster (Figure 5.9A).  This is a similar trend to that observed with S-
adenosylhomocysteine; however the magnitude of the shift is not as large.  Full analysis 
of AdoMet binding was limited due to destabilization of the film with AdoMet in 
solution.  Further experiments used S-adenosylhomocysteine, the product of the 
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demethylation reaction, along with the substrate, tryptophan, to examine the ability of 
TsrM to modulate the potential throughout the catalytic cycle.  In the presence of SAH 
and Trp, TsrM exhibits a positive shift in potential, as seen with SAH alone (Figure 
5.9B).  The change observed is consistent with the change seen using only SAH, 
indicating that the addition of Trp does not have an effect on the potential of the FeS 
cluster in TsrM.   
 
Figure 5.9.  (A) Square wave voltammogram of TsrM in the absence (black) and 
presence (red) of 500 µM AdoMet, where the raw data is shown in solid lines and the 
baseline-corrected data is shown as the dashed lines. Data was collected at 10 Hz, Eamp = 
20 mV, pH 8, and 10 °C. (B) Cyclic voltammograms of TsrM in the absence (black) and 
presence (red) of 1.5 mM S-adenosylhomocysteine and 1.1 mM tryptophan.  Data was 
collected at 100 mV/s, pH 8, and 10 °C.   
 
 
5.4 Discussion 
5.4.1 Nonturnover protein film electrochemistry. Protein film electrochemistry was used 
to examine the redox properties of the cofactors in two B12-dependent AdoMet radical 
enzymes, TsrM and OxsB.  Both of these enzymes contain the canonical [4Fe−4S] 
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AdoMet radical cluster, along with a cobalamin-binding domain; however, these enzymes 
catalyze very different reactions.5,8,33,103,106 These enzymes were studied to shed light on 
the redox properties of cobalamin, in general, and to further understand the diversity of 
cofactor requirement for the AdoMet radical enzyme superfamily.   
 Two different samples of TsrM were used; initial studies were performed with as-
isolated TsrM.  This sample displayed two features in the cyclic voltammogram: one at -
550 mV and the other at -140 mV (Figure 5.3A).  EPR and UV-vis spectroscopic studies 
in the Booker lab revealed that the as-isolated TsrM contained a mixture of cobalamin 
forms with 25 % in cob(II)alamin, 10 % in cob(I)alamin and 65 % in cob(III)alamin as 
both methylcobalamin (MeCbl) and hydroxocobalamin (OHCbl), making the assignment 
of features in the voltammogram difficult.  A MeCbl TsrM sample was generated by 
reducing the sample and then incubating with AdoMet.  The MeCbl TsrM displayed a 
single feature at -560 mV (Figure 5.3B).  This feature was assigned to the [4Fe-4S]+2/+1 
couple, as the methylcobalamin is not predicted to have a readily reversible reduction.109 
This potential for the AdoMet radical cluster is in fairly close agreement with the 
potentials reported for other AdoMet radical [4Fe−4S] clusters such as LAM20, biotin 
synthase23, and BtrN1. The high potential feature observed for the as-isolated TsrM is 
believed to represent the hydroxocobalamin (III/II) couple.  The potential reported here is 
most similar to that measured for the hydroxocobalamin (III/II) couple in the first seminal 
study of the redox properties of cobalamin, where the reduction potential was measured 
to be +187 mV at pH 8.35, 36 The differences in potential observed here may be due to the 
protein environment tuning the potential of the cobalamin.   
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 Unlike TsrM, OxsB is chemically reconstituted for both the cobalamin and FeS 
cluster, allowing control of the cofactors examined.  Three combinations of cofactors for 
OxsB were analyzed: a FeS-only sample, an AqCbl sample with the FeS cluster, and a 
MeCbl sample also containing the FeS cluster.  The FeS-only OxsB sample had a single 
feature in the square wave voltammogram (Figure 5.4A) at -550 mV.  This agrees with 
the potential assigned to the FeS cluster in TsrM, indicating that these enzymes share 
common redox properties.  Further analysis of the FeS-only sample was limited as the 
sample was unstable, likely due to the lack of Cbl as the Cbl would provide structure.  
Cyclic voltammetry was successfully employed to study the AqCbl and MeCbl OxsB 
samples.  The AqCbl sample displayed a cyclic voltammogram evocative of the as-
isolated TsrM sample with one feature at -550 mV and the other at -150 mV, assigned to 
the hydroxocobalamin (III/II) couple (Figure 5.4B).   As with the MeCbl TsrM sample, 
experiments with the MeCbl OxsB were performed in the dark to prevent photolysis of 
the MeCbl.  The MeCbl sample of OxsB displayed a single feature at -535 mV (Figure 
5.4C).  As with TsrM, this feature is assigned to the FeS cluster.  The magnitude of the 
signal is much stronger in the MeCbl OxsB compared to the FeS-only sample, which is 
most likely due to the added structural stability achieved with the Cbl bound.  
Additionally, the shift in potential from the FeS-only square wave voltammetry could be 
due to the protein environment changing upon binding the Cbl, leading to a slight shift in 
the potential.   
 The B12-dependent enzyme QueG was also examined with protein film 
electrochemistry to serve as a comparison to the redox properties of the B12-dependent 
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AdoMet radical enzymes.   QueG has a very different fold that that predicted for TsrM 
and OxsB and uses a cob(II)alamin cofactor in the base-off form and two [4Fe−4S] 
clusters in the biosynthesis of the hypermodified base queuosine.  These structural and 
functional differences between QueG and TsrM or OxsB may impart unique redox 
properties between these classes of enzymes.  The cyclic voltammogram of QueG shown 
in Figure 5.5B has a single feature, which fits to two one-electron centers with potentials 
of -575 mV and -510 mV, representative of the two [4Fe−4S] clusters.  These potentials 
are lower than the -480 mV reported for the two [4Fe−4S] clusters in the B12-dependent 
enzyme Dehalobacter restrictus tetrachloroethene reductase.111  However, in the case of 
tetrachloroethene reductase a full titration was not achieved and the value of -480 mV 
serves as an estimate of the potentials.  Assignment of the potentials to their 
representative clusters in QueG is not currently possible with the wild-type enzyme; 
however, point mutations could be generated in the future to modulate the potentials of 
the clusters and allow for the assignment.  Similar to the data for TsrM and OxsB, 
features representing the Cbl (II/I) couple were not observed in the voltammogram.   
5.4.2 Proton-coupled electron transfer (PCET) with protein film electrochemistry.  
Chapter 2 contained the first report of a protonation event coupled to the electron 
transfer of an AdoMet radical enzyme.  It is not currently clear how many AdoMet 
radical enzymes exhibit PCET.  The possibility of PCET was evaluated for the B12-
dependent AdoMet radical enzymes TsrM and OxsB.   The pH-dependence of both TsrM 
samples analyzed is shown in Figure 5.6A, where as-isolated TsrM displayed a pH-
dependence for the high potential feature at -140 mV, representative of the 
	  	   99	  
hydroxo/aquocobalamin III/II couple, and consistent with a one-electron: one-proton 
coupled process.  The proton-coupled nature of this feature also agrees with the previous 
results from the seminal study on cobalamin, where the hydroxo/aquo-cobalamin (III/II) 
couple was dependent on pH over physiological conditions.  The low potential feature for 
the as-isolated TsrM had a modest slope of -12 mV/pH unit, indicating that it is not 
coupled to a proton.  The feature seen with the MeCbl TsrM sample also was not proton-
coupled, with a slope of -13 mV/pH unit.   
 Similar trends were seen with the OxsB samples (Figure 5.7).  The AqCbl sample 
displayed a pH-dependence of -50 mV/pH unit for the feature at -150 mV, representative 
of hydroxo/aquo-cobalamin (III/II).  However, the feature at -550 mV was not pH-
dependent.  Again, the single feature observed for the MeCbl OxsB, assigned to the FeS 
cluster, was not pH-dependent either.  The similarities in redox properties for the two B12-
dependent AdoMet radical enzymes examined indicates that there are general redox traits 
associated with members of this subclass.   Additionally, these results also suggest that 
while PCET is not observed for the FeS clusters in these enzymes, there are certain forms 
of Cbl that do exhibit PCET.  
5.4.3 Substrate binding with protein film electrochemistry.  Chapter 2 and Chapter 3 
successfully assessed the impact of AdoMet and/or SAH binding for dehydrogenase and 
methylthiotransferase AdoMet radical enzymes.  Here, the binding of SAH was used as 
an analogue for AdoMet, due to reactivity seen when AdoMet was added.  With 500 µM 
SAH added to the cell solution, there was a positive shift in potential  (+50 mV), similar 
to the shift observed with BtrN, MiaB, and RimO (Figure 5.8A). In canonical AdoMet 
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radical enzymes, the increase in potential is likely to ensure that reduction can occur by 
biological reducing systems, for catalysis to occur. However, TsrM does not require an 
external reductant for catalysis to proceed, therefore, this increase in potential for the FeS 
cluster maybe be important for electron transfer between the FeS cluster to re-generate 
cob(I)alamin.2 The changes in the voltammogram upon addition of SAH were also 
reversible, as replacement of the buffer yielded the original signals observed for the 
MeCbl TsrM sample.  
Analysis of the impact of AdoMet binding was limited, perhaps due to reactivity 
of TsrM with AdoMet.  Figure 5.9A shows that addition of 500 µM AdoMet to the cell 
solution resulted in a positive shift in potential of +25 mV, a smaller shift than that 
observed with 500 µM of S-adenosylhomocysteine.  This may be due to reactivity with 
AdoMet, making the shift seen representative of a lower concentration of AdoMet than 
was added to the cell solution.   Recent studies by Benjdia et al and Blaszczyk et al have 
indicated that the FeS cluster of TsrM does not bind AdoMet, as in the canonical AdoMet 
radical enzymes, but AdoMet likely binds close to the FeS cluster.103,106 Therefore, the 
result that SAH binding perturbs the potential of the AdoMet radical cluster is somewhat 
surprising; however, it demonstrates that the potential of the FeS cluster in this enzyme is 
still modulated by AdoMet binding to control the mechanism. 
To further analyze TsrM’s ability to modulate the potential of the FeS cluster, the 
product of the demethylation reaction, S-adenosylhomocysteine, was used along with the 
substrate tryptophan.  This resulted in a positive shift in potential, as seen with SAH 
alone (Figure 5.9B). This experiment was designed to mimic the experiment in Chapter 
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2 with BtrN, the substrate DOIA, and the products of the cleavage reaction, 5’-
deoxyadenosine and methionine, which would represent another stage of the catalytic 
cycle.  TsrM has a unique mechanism for an AdoMet radical enzyme as a 5’-
deoxyadenosyl 5’-radical is not generated.  These mechanistic differences are likely the 
reason for the differences in redox properties between TsrM and BtrN, studied in 
Chapter 2.  
 
Figure 5.10.  Proposed reaction mechanism of TsrM, showing the proposed oxidation 
states of both the cobalamin and FeS cluster.  
 
Based on previous studies on TsrM by both Benjdia et al and Blaszczyk et al, a 
proposed reaction mechanism is given in Figure 5.10. TsrM is a unique AdoMet radical 
enzyme in that an external reductant is not required for activity and the reaction does not 
proceed through formation of the 5’-deoxyadenosyl 5’-radical.  Here, the methyl group 
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from AdoMet is believed to be transferred to cob(I)alamin to form the required 
methylcob(III)alamin cofactor.  The cobalt-carbon bond undergoes homolytic cleavage, 
generating a methyl radical, which is then transferred to C2 of tryptophan, along with a 
deprotonation.  One electron transfer could occur to the [4Fe−4S]+2 cluster, which could 
in turn reduce the cob(II)alamin to cob(I)alamin.  More work will be necessary to further 
characterize the potentials of the cobalamin cofactor in TsrM.  If the single feature is the 
compilation of the cobalamin (II/I) couple and the [4Fe−4S]+2/+1, transfer of the electron 
between the FeS cluster and Cbl would seem possible given the potentials; however, 
without the crystal structure, it is unknown whether the two cofactors are within electron-
transfer distance of one another.  
5.5 Conclusions 
 This chapter has described the electrochemical analysis of the B12-dependent 
AdoMet radical enzymes TsrM and OxsB.  Both enzymes have a methylcobalamin 
cofactor in addition to the canonical AdoMet radical cluster and displayed a single 
feature in the voltammogram of the MeCbl sample located at -550 mV and -535 mV for 
TsrM and OxsB, respectively.  This feature has been assigned to the [4Fe−4S] cluster, as 
the methylcobalamin cofactor is not believed to have a readily reversible reduction. 
Further examination of TsrM has shown that, as seen with other AdoMet radical 
enzymes, binding of AdoMet (or SAH) causes a positive shift in potential for the FeS 
cluster.  This shift in potential is observed for TsrM despite findings that the FeS cluster 
does not bind AdoMet.  Additionally, the report that S-adenosylmethionine is not cleaved 
to produce the 5’-deoxyadenosyl 5’-radical, but rather serves as the methyl group donor, 
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demonstrates the complexity and diversity of this superfamily.  This unique mechanism 
does not seem to be common to all B12-dependent AdoMet radical enzymes, as GenK is 
believed to have the canonical AdoMet radical enzyme mechanism.32 The differences in 
the mechanisms between GenK and TsrM may yet be reflected in differences the redox 
properties of the cofactors in these enzymes.   
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Chapter 6 	  
6.1 Introduction 
Bacteria survival is dependent on the ability to deal with alternating environments 
of oxygen starvation and excess and their ability to mediate damage by a variety of 
reactive oxygen species (ROS), such as hydrogen peroxide, superoxide, and hydroxyl 
radicals.112 Oxidative stress, resulting from the buildup of these reactive species, formed 
by incomplete reduction of oxygen, can lead to damage to proteins, nucleic acids, and 
membranes.113 In bacteria, a cytochrome c dependent peroxidase plays a role in protecting 
bacterial cells from the oxidative damage caused by hydrogen peroxide (H2O2).114  
Most bacterial cytochrome c peroxidases (bCCPs) are diheme periplasmic 
proteins, 300-400 amino acids in length, present in most Gram-negative bacteria and 
responsible for catalyzing the reduction of hydrogen peroxide to water.115-116 These 
bCCPs have a conserved tertiary structure of two predominantly α-helical domains, each 
containing one heme group bound via thioether bonds to two Cys residues of the CXXCH 
motif.117 Each of the two covalent c-type hemes has different properties related to their 
function.  The low potential heme (FeL) is the peroxidatic site where peroxide binds and 
is reduced, the same as monoheme peroxidases.118 The high potential heme (FeH) feeds 
electrons from soluble electron shuttle proteins such as cytochrome c and azurin to the 
peroxidatic site.118-119 The fully ferric, oxidized form of canonical bCCPs, like 
Pseudomonoas aeruginosa, is inactive.120 The high-potential heme exists in high/low-spin 
equilibrium in this state.121 When the high potential heme is reduced, the active site opens 
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and the low potential heme loses a His ligand, switching from low spin to high 
spin.118,122,123 In this open state the protein is active, allowing peroxide to bind to the low 
potential heme.  In contrast, the CCP from Nitrosomonas europaea does not require 
reductive activation; it is active in the as-isolated, oxidized form, as well as in the semi-
reduced state.124,125  
 The most unique group of predicted bCCPs is from enterobacteria, such as 
Escherichia coli, and contains a third heme-binding motif in a 140-150 amino acid 
residue N-terminal extension of the protein.126, 127 This class of predicted bCCPs has not 
been well studied and the role of the third heme in this class remains unknown.   This 
triheme enzyme may be a druggable target as it is present in pathogenic bacteria, which 
may use peroxide activity to evade the host’s defense mechanism. 
The yhjA gene in E. coli is a predicted bacterial CCP.127 The YhjA protein is 465 
amino acids in length and is a member of a distinct group of predicted CCPs from 
enterobacteria, containing three heme-binding motifs.127 YhjA contains a diheme bCCP 
region that shares 46% sequence identity with the Pseudomonas aeruginosa CCP.127 The 
extra heme-binding site is located in an N-terminal domain of the protein, which is absent 
in diheme CCPs.126 The role of the third heme is unclear but it has been postulated to act 
as an electron donor to the conventional diheme region of the enzyme, taking the place of 
the soluble monoheme protein.126, 127 This proposed role is due to the lack of a cytochrome 
c gene in E. coli.125, 128 The extra portion of YhjA could have evolved through the fusion 
of a monoheme cyt c gene to the ccp gene.  However, sequence analysis has shown that 
the N-terminal region is not significantly similar to current monoheme cyt c’s.126 
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 In addition to containing a third heme-binding motif, the N-terminal domain of E. 
coli YhjA also contains a predicted lipid attachment site.8 Neisseria gonorrhoeae CCP 
was the first documented example of a CCP lipoprotein in Gram-negative bacteria.112 
Lipid modification anchors proteins to the membrane, and may allow a variety of 
functions such as substrate binding, antibiotic resistance, and environmental sensing.112 
Typical bCCPs do not have a lipidation site; instead, they are free to move inside the 
periplasm.  Therefore, the presence of a lipidation site in E. coli YhjA could maintain the 
protein in close proximity to its electron donor.112 Additionally, lipid modification could 
be essential to anchoring the protein to the membrane and maintaining it where the 
protective mechanism is essential.112  
 In this chapter, the predicted cytochrome c peroxidase, YhjA from E. coli is 
characterized.  YhjA was examined using traditional bioinorganic techniques such as 
electron paramagnetic resonance (EPR) as well as protein film electrochemistry (PFE).  
The goals of this chapter are to determine the properties of YhjA and the N-terminal 
heme to shed light on the native electron donor and substrate.   
 
6.2 Experiments 
6.2.1 Expression and purification of YhjA from Escherichia coli.  YhjA was expressed 
using a plasmid generously sent by the laboratory of Dr. Oliver Einsle (Albert-Ludwigs-
Universität).  This plasmid is based on the prokaryotic expression vector pET22b(+) 
(Novagen) with the ribosome binding sites removed to yield yhjA_pETSN22, containing 
an N-terminal strep tag.129 An additional construct, containing only the N-terminal 
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domain (H29-E167), was also generously provided by the Einsle lab.  The yhjA_pETSN22 
plasmid was transformed into JM109 (DE3) cells containing pEC86, which contain the E. 
coli cytochrome c maturation genes.  Inclusion of the ccm genes increases the level of 
mature holoenzymes. The pEC86 plasmid was transformed into JM109 (DE3) first. The 
cells were plated on LB agar containing 34 µg/mL chloramphenicol at 37 °C.  Resulting 
colonies were grown overnight in 5 mL LB broth containing 34 µg/mL chloramphenicol 
at 37 °C.  The resulting cells were made chemically competent using a rubidium chloride 
protocol adapted from Hanahan.130 Single colonies were used to inoculate 5 mL LB 
media containing 34 µg/mL chloramphenicol and 50 µg/mL ampicillin and grown 
overnight at 37 °C.  A 1 mL aliquot of the culture was then added to 1 L of 2xYT media 
supplemented with 8 g of tryptone and 13 g of potassium di-hydrogen phosphate and 
containing the same ratio of antibiotics as the small cultures.  A total of four 1 L cultures 
were grown per prep and the cultures were grown at 30 °C for 24 hours at 200 rpm 
without induction.  The cells were harvested by spinning at 7,000 x g for 20 minutes.  
YhjA was purified by suspending the cells in 5 mL per gram of cell pellet in sphaeroplast 
buffer, pH 8.0 (100 mM Tris-HCl, 500 mM sucrose, 1 mM EDTA).  The cells were 
centrifuged at 10,500 rpm for 15 minutes.  The cells were then resuspended in water and 
incubated on ice for 30 minutes before 1 mM MgCl2 was added and the solution was 
incubated for an additional 30 minutes.  To ensure release of the periplasmic material, the 
cell suspension was sonicated for 15 pulses at a power output of 8 and a duty cycle of 70 
%.  The cells were centrifuged at 10,500 rpm for 40 minutes, giving the periplasm in the 
supernatant.   
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 YhjA was purified based on the previously published protocol used with 
Geobacter sulfurreducens enzyme, also prepared by Einsle and coworkers.129 The 
supernatant (~100 mL) containing the soluble YhjA was diluted to 2x its volume with 
phenyl sepharose loading buffer (20 mM HEPES, pH 7.0 and 1.7 M ammonium sulfate) 
and loaded onto a phenyl sepharose column equilibrated with loading buffer.  The 
column was washed with 200 mL of loading buffer and then washed with 300 mL of 
phenyl sepharose wash buffer (20 mM HEPES, pH 7.0 and 600 mM ammonium sulfate).  
YhjA was eluted from the column with 20 mM HEPES, pH 7.0.  The YhjA elution was 
then loaded onto 20 mL streptactin resin equilibrated with 20 mM Tris (pH 8.0), 250 mM 
NaCl.  Bound YhjA was washed with the loading buffer before the protein was eluted 
with strep elution buffer (20 mM Tris (pH 8.0), 250 mM NaCl, and 2.5 mM d-
desthiobiotin).  The streptactin resin was regenerated with loading buffer containing 
1mM 2-(4-hydroxyphenylazo)benzoic acid (HABA) and then equilibrated with loading 
buffer before the column could be used again.  The eluted YhjA fractions were run on a 
12.5 % SDS-PAGE gel to check the purity. The gel was stained for both heme content 
with 3,3’5,5’-tetramethylbenzadine (TMBZ) and protein content using coomassie stain 
(Figure 6.1).131    
 Further purification was achieved with size exclusion chromatography with Äkta 
fast protein liquid chromatography by loading 2 mL of concentrated protein onto a 
prepacked HiPrep Sephacryl S-100 column (GE Healthcare).  The column was 
equilibrated with degassed, filtered buffer of 20 mM HEPES, pH 7.5, 150 mM NaCl.  
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Figure 6.1.  SDS-PAGE gels of YhjA (A) heme-stained and (B) coomassie stained 
following strep elution. 
 
6.2.2 Generation of YhjA mutants.  E. coli YhjA mutants, M125A and M429A, were 
constructed using the QuiKChange Lightning Mutagenesis Kit (Agilent Technologies) 
and expressed and purified as described for the wild-type enzyme.  The methionine 
residue at position 125 was mutated to alanine using the following primers: 5’- 
GTGATGCAGTATGAAACTGCCCCACCAACGCGTTATACC-3’ (forward) and 5’-
GGTATAACGCGTTGGTGGGGCAGTTTCATACTGCATCAC-3’ (reverse).  The 
presence of the correct mutations at position 125 was verified by gene sequencing 
(GeneWiz).  The methionine residue at position 429 was mutated to alanine using the 
following primers: 5’- GGGCGGTGAAACTGGCGCTGCGCTATCAGGTAGGC-3’ 
(forward) and 5’-GCCTACCTGATAGCGCTGCGCCAGTTTCACCGCCCC-3’ 
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(reverse).  The presence of the correct mutations at position 429 was verified by gene 
sequencing.   
6.2.3 E. coli cytochrome b562 expression and purification. The E. coli cytochrome b562 (cyt 
b562) pNS207 plasmid (from the Sligar lab) was transformed into BL21 DE3 cells.  The 
cells were streaked onto a LB agar plate containing 60 µg/mL ampicillin.  Single colonies 
were grown in 5 mL LB starter cultures containing 60 µg/mL ampicillin overnight at 37 
°C.  The starter cultures were used to inoculate 1 L LB containing 60 µg/mL ampicillin 
and were grown at 37 °C.  Induction was performed with 100 µM IPTG when cells 
reached an optical density (600 nm) of 0.6.  Cells were harvested by centrifugation at 
7,000 x g (30 minutes, 4 °C).  Cells were re-suspended in 5 mL/g sphaeroplast buffer 
(100 mM Tris, 500 mM sucrose, 1 mM EDTA, pH 8).  The resuspended pellets were 
centrifuged at 10,000 rpm (15 minutes, 4 °C).  The supernatant was diluted twice its 
volume with DEAE loading buffer (20 mM potassium phosphate, 0.2 mM EDTA, pH 
7.4) and loaded onto a DEAE column.  Cyt b562 was eluted with buffer containing 250 
mM NaCl (20 mM potassium phosphate, 200 µM EDTA, 250 mM NaCl, pH 7.4).  
Fractions containing cyt b562 were concentrated in 10 kDa MWCO tubes (MilliPore) to a 
total volume of 2 mL and loaded onto a S-100 size exclusion column on a FPLC (Akta), 
equilibrated in 20 mM potassium phosphate, pH 7.4.  Protein concentration was 
determined using the absorbance at 425 nm (ε425 = 117 mM-1 cm-1).132, 133 
6.2.4 Characterization by UV-Vis spectroscopy.  Optical spectra of YhjA were collected 
on a Varian Cary 50 UV-Vis spectrophotometer.  Semi-reduced samples of YhjA were 
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prepared by adding 20 mM sodium ascorbate and incubating for 1 hour at room 
temperature.   
6.2.5 Protein film voltammetry.  The redox properties of YhjA were examined using 
protein film voltammetry (PFV).  PFV experiments were carried out using a PGSTAT 12 
Autolab (EcoChemie) potentiostat.  A three-electrode configuration was utilized together 
with a water-jacketed glass cell in order to maintain a constant temperature of the 
electrochemical solution.  All experiments were performed at 4 °C using a refrigerated 
circulator.  A platinum wire counter electrode was used along with a saturated calomel 
reference electrode.  Potentials were corrected by +242 mV and reported versus hydrogen 
electrode (SHE).  The cell solution was comprised of 5 mM MES, CHES, TAPS, HEPES 
plus 100 mM NaCl.   
 Protein films were generated on electrodes of pyrolytic graphite edge (PGE). PGE 
electrodes were polished with 1 µm alumina.  The alumina was removed by rinsing and 
sonicating in clean distilled water.  Protein films were formed by soaking overnight in an 
enzyme solution ≥ 40 µM.  Excess protein was removed by rinsing with buffer.   
 Nonturnover electrochemical signals were generated on the benchtop with the 
electrochemical cell housed in a Faraday cage to minimize electrical noise.  Argon was 
bubbled through the cell solution to remove oxygen.  Data were collected with the GPES 
software package (EcoChemie).  Nonturnover signals were analyzed by baseline-
correction for the non-Faradaic component of the electrode from the raw data using the 
SOAS package.56 
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6.2.6 Solution steady-state kinetics analysis. Peroxidase activity was determined as 
previously described.134 The assay mixture for the hydrogen peroxide activity was 
composed of 5 mM MES/HEPES (pH 6), 1 mM CaCl2, 10 mM NaCl, 10 µM 
ferrocytochrome c and 20 nM enzyme. Additional assays were conducted using either 
reduced horse heart cytochrome c or E. coli cytochrome b562 as electron donors. Horse 
heart cytochrome c (Sigma) and E. coli cytochrome b562 were reduced by treatment with 
20 mM L-sodium ascorbate (Sigma) and passed through a PD-10 desalting column 
(NEB) before being used, to remove excess ascorbate, which could re-reduce the electron 
donor during the assay. The activity of YhjA was monitored by the decrease in the 
absorbance of the α-band of horse heart cytochrome c at 550 nm (Δε550 = 21.1 mM-1 cm-1) 
as electrons are donated to the peroxidase and as hydrogen peroxide is reduced to 
water.135 Assays using E. coli cytochrome b562 as the electron donor were monitored by 
the decrease in the absorbance of the α-band of cyt b562 at 562 nm (Δε562 = 21.9 mM-1 cm-
1).132 The reaction was initiated upon addition of enzyme, allowing for the determination 
of the baseline activity of horse heart cytochrome c, which was subtracted from the 
activity assays in the presence of enzyme.  The concentration of hydrogen peroxide was 
varied in order to determine kinetic parameters such as Km and kcat.  
 Peroxynitrite reactivity was determined in a similar fashion.  Peroxynitrite 
(Cayman Chemical) degrades rapidly at neutral pH, requiring the experiments to be done 
at pH 9.  The assay mixture used for the peroxynitrite assay was 50 mM TAPS/HEPES 
(pH 9), 1 mM CaCl2, and 10 mM NaCl, 10 µM ferrocytochrome c and 20 nM enzyme. 
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 Quinol peroxidase activity was also examined, where benzoquinol (Sigma) was 
used as the electron donor and the activity was monitored by the decrease of the quinol 
absorption band at 289 nm (ε289 = 3900 M-1 cm-1).  The assay mixture was composed of 5 
mM MES/HEPES (pH 7.5), 1 mM CaCl2, 10 mM NaCl, 80 µM quinol, and 20 nM 
enzyme.   
6.2.7 Spectral changes with potential substrates. A near-infrared spectrophotometer 
(Shimadzu UV-3600) was used to examine spectral changes upon addition of potential 
substrates.  The reactions were performed in the activity assay buffer used for the 
respective substrate: 50 mM TAPS/HEPES, pH 9.0, 10 mM NaCl, 1 mM CaCl2 for 
peroxynitrite and 5 mM MES/HEPES, pH 7.5, 10 mM NaCl, 1 mM CaCl2 for hydrogen 
peroxide. Spectra were obtained with 3 µM protein for both oxidized and ascorbate-
reduced E. coli YhjA and Shewanella oneidensis cytochrome c peroxidase.  A 10-fold 
excess of the respective putative substrate was then added and the spectrum was collected 
every ten minutes until no further changes were observed.   
6.2.8 Electron paramagnetic resonance.  EPR spectra were obtained for oxidized and 
semi-reduced YhjA, and samples with peroxynitrite and hydrogen peroxide.  Spectra 
were collected using an X-band Bruker 900 spectrometer equipped with an ESR900 
liquid helium cryostat at 15 K.  Experimental parameters were 9.37 GHz, 4 mW 
microwave power and 10 G modulation amplitude.  Samples were concentrated to 100 
µM and semi-reduced samples were prepared by treating as-isolated samples with 20 mM 
sodium ascorbate.  For the substrate-treated samples, the EPR sample was thawed, 30-
fold excess of substrate was added, and the spectra was collected. 
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6.2.9 Quinol titration. YhjA reduction by various quinols was monitored via UV-Vis 
spectroscopy.  Reduced quinol analogues were generated by making a stock of 9 mM 
quinone analogue in ethanol with 0.18 M HCl (final concentration). The solution was 
then added to a degassed anaerobic vial with 70 mg of zinc powder, mixed, and the zinc 
sedimented at the bottom.  The ability of quinol analogues to reduce WT YhjA and the 
M125A and M429A mutants was followed optically in the 300-800 nm wavelength range 
using a Cary 50 spectrophotometer (Varian). Titrations were performed anaerobically at 
23 °C by measuring absorption changes at 554 nm of 3 µM protein solutions in 10 mM 
MES/HEPES (pH 6.0), in the presence of 1 mM CaCl2 and 10 mM NaCl.  Stepwise 
microliter additions of quinol analogue were added to reduce the protein. Sodium 
dithionite was added at the end of the titration to fully reduce YhjA and quantify the 
extent of reduction.  For titrations in the presence of inhibitor, a 11.6 mM stock of 2-
heptyl-4-quinolinol 1-oxide (HQNO)  (Cayman Chemical) was made in ethanol and then 
used to make diluted stocks of 500 µM and 50 µM HQNO in assay buffer immediately 
prior to use. 
 
6.3 Results 
6.3.1 Protein production.  The triheme enzyme from E. coli, YhjA, was expressed and 
purified in a truncated form, devoid of the predicted lipidation site to aid in solubility.  
The enzyme was purified using hydrophobic interaction chromatography with phenyl 
sepharose resin and streptactin affinity chromatography. YhjA elute from the strep 
column had a purity index (A409/A280) of 3.3 ± 0.1 (theoretical maximum A409/A280 = 3.7) 
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and a protein yield of ~ 4 mg/L cell culture.  The purity index compares the absorbance 
of the Soret (at 410 nm) to the protein absorbance at 280 nm.   
6.3.2 Optical properties.  YhjA was isolated with all three hemes in the ferric state as 
indicated by the position of the Soret at 408 nm.  Treating the as-isolated sample with 20 
mM sodium ascorbate formed the semi-reduced state, resulting in a shift of the Soret to 
419 nm with a shoulder from the FeL, which was still in the ferric form (Figure 6.2).  The 
semi-reduction also lead to an increase in absorbance of the α/β-bands in the 500-550 nm 
region.  The high spin ligand-to-metal charge transfer (LMCT) band ~620 nm was 
present in both the oxidized and semi-reduced forms of YhjA. 
 
Figure 6.2.  Optical spectra the as-isolated, ferric (solid line) and ascorbate-reduced 
(dashed line) YhjA.   
 
6.3.3 Protein film voltammetry.  Protein film voltammetry was used to examine the redox 
properties of the three hemes in YhjA.  When applied to a graphite edge electrode, YhjA 
reveals multiple redox signals associated with the heme cofactors of the protein.  Two 
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obvious signals are clearly resolved (Figure 6.3): a low-potential feature that can be 
assigned to the peroxidatic active site (-275 mV); and a broad higher-potential feature 
that possesses a line-shape that can fit to two voltammetric contributions (inset of Figure 
6.3), such as the overlapping contributions of the canonical high-potential His/Met-
ligated heme found in bacterial diheme peroxidases, as well as the N-terminal His/Met-
ligated heme. Assignment of the higher voltammetric peaks to two components is clear, 
and over a range of scan-rates from 10 mV/s to 1 V/s the peaks are symmetrical, and do 
not further resolve into more distinctive features. Thus, while it is clear there are two 
redox couples at positive potentials (30 and 90 mV), determining which is due to FeH and 
which is due to FeN cannot be resolved with wild-type data alone. 
 
Figure 6.3.  Cyclic voltammetry of YhjA on PGE electrodes, where the inset is the 
baseline-corrected data and the dashed lines represent the fits for three one-electron 
centers.  Data was collected at 100 mV/s, pH 7, 4 °C.   
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 We note as well that while the electrochemical signatures suggest reasonably fast 
interfacial electron transfer rates (on the timescale of 102 s-1), there is a noted difference 
in the peak intensity for the low-potential peroxidatic heme versus the higher potential 
centers. The nature of this discrepancy is unclear: from experiment to experiment, the 
variation between peak intensities is over a factor of two, while the potentials themselves 
are invariant. 
6.3.4 Solution kinetic analysis. Based on sequence comparison to known bacterial 
peroxidases, YhjA is predicted to be a peroxidase.  To evaluate the peroxidase activity of 
YhjA, either horse-heart cytochrome c or recombinant E. coli cytochrome b562 were 
used as potential electron donors. With these protein electron donors, peroxidase activity 
was found to be modest. Here assays were performed at pH 7.5 to provide comparison 
with the reactivity demonstrated with quinols (see below).  With cyt b562, YhjA 
demonstrated peroxidase activity with kinetic parameters of KM = 50 ± 6 µM and kcat = 
0.40 ± 0.09 s-1 (kcat/KM = 8.0 x 103 M-1 s-1). In comparison, assays with horse heart 
cytochrome c gave kinetic parameters of KM = 73 ± 13 µM and kcat = 0.15 ± 0.05 s-1 
(kcat/KM = 2.1 x103 M-1 s-1).  In contrast to canonical bCCPS, activity of YhjA was 
measured in the as-isolated, ferric state; however, semi-reduction with ascorbate was not 
found to affect the steady state kinetic parameters, indicating that semi-reduction is not 
needed for catalysis.  
 In addition to sharing sequence similarity with the diheme bCCPS, YhjA also 
shares similarity with the triheme enzyme from Aggrebacter actinomycetemcomitans, 
which has been characterized as a quinol peroxidase.  The quinol peroxidase has 
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displayed peroxidase activity using ubiquinol-1 as the electron donor with a Km = 107 
µM and kcat 582 s-1.136 Similar to A. actinomycetemcomitans, YhjA displays peroxidase 
activity when benzoquinol, a truncated ubiquinol analogue, is used as the electron donor.  
The E. coli respiratory chain uses both ubiquinol and menaquinol in the quinol pool.137   
Menadiol, a truncated analogue of menaquinol was used as an electron donor in 
peroxidase assays. However, the background reactivity with substrate was high, even at 
low peroxide concentrations, preventing analysis.   
 The possibility also exists that YhjA’s native substrate is not hydrogen peroxide, 
but another small molecule, such as peroxynitrite.  Peroxynitrite is formed by the 
diffusion interaction of superoxide and nitric oxide in the body and is believed to be more 
cytotoxic than hydrogen peroxide.138 Assays were performed using horse heart 
cytochrome c as an electron donor to investigate YhjA’s ability to react with 
peroxynitrite.  Due to peroxynitrite’s instability at neutral pH, the assays were performed 
at pH 9.  YhjA displayed a Km of 14 ± 3 µM and kcat of 3.4 ± 0.4 s-1 with peroxynitrite 
(kcat/Km = 2.4 x 105 M-1 s-1).  To directly compare with the peroxidase activity, assays 
were performed with hydrogen peroxide at pH 9, where the Km was 315 ± 22 µM and kcat 
of 0.30 ± 0.09 s-1 (kcat/Km = 9.5x102 M-1 s-1).  This demonstrates that the catalytic 
efficiency is much better with peroxynitrite, suggesting that peroxynitrite, or a similar 
small molecule, may be the native substrate for YhjA.   
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Table 6.1.  Kinetic parameters of E. coli YhjA with different electron donors and 
substrates. 
Electron Donor pH Substrate Km (µM) kcat (s-1) kcat/Km (M-1 s-1) 
Horse heart cyt c 7.5 H2O2 73 0.15 2.1x103 
Horse Heart cyt c 9.0 H2O2 315 0.30 9.5x102 
Horse Heart cyt c 9.0 Peroxynitrite 14 3.4 2.4x105 
E. coli cyt b562 7.5 H2O2 50 0.40 8.0x103 
Benzoquinol 7.5 H2O2 56 2.6 4.6x104 
 
 
6.3.5 Spectral changes with potential substrates. The reactivity with potential substrates 
was further examined by monitoring the optical spectrum of YhjA.  Reactivity of YhjA 
should be observed as changes in the Soret, Q-band, and LMCT band regions.  Upon 
addition of ten equivalents of peroxynitrite to WT YhjA, the Soret shifts from 406 nm to 
410 nm and has a slight bleaching (Figure 6.4A).  These spectral changes are similar to 
those seen with MauG in the presence of hydrogen peroxide and attributed to the 
formation of a bis-FeIV species, along with formation of a band at 950 nm.  The 950 nm 
band is not seen in this reactivity with YhjA and peroxynitrite.  Additionally, the charge-
transfer band around 620 nm disappears and there is a slight formation of an α-band.  As 
a comparison, addition of 10 equivalents of peroxynitrite to WT So CCP shows no 
changes in the spectrum.   
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Adding 10 equivalents of hydrogen peroxide to oxidized YhjA results in a shift of 
the Soret from 406 nm to 409 nm and a slight increase in the absorbance of the Soret 
(Figure 6.4B).   The band around 620 nm also disappears, similar to the effect of adding 
peroxynitrite. However, there is no formation of an α-band.  When semi-reduced YhjA or 
So CCP were used, both proteins were oxidized upon addition of peroxynitrite.  So CCP 
was fully oxidized, while YhjA was just slighty oxidized (data not shown).   
 
Figure 6.4.  Optical spectra of as-isolated YhjA (black line) with the addition of 10-fold 
excess (A) peroxynitrite at pH 9 and (B) hydrogen peroxide at pH 7.5, shown in red. The 
insets show the Q-band region and LMCT band. 
 
To examine at the path of electron transfer within YhjA, this experiment has also been 
done with the heme ligand mutants M125A (FeN) and M429A (FeHP). As shown in 
Figure 6.5, M125A exhibits the same changes with peroxynitrite as WT YhjA, where the 
Soret has a 4 nm red-shift and there is sharpening of the α-band. However, with M429A 
YhjA there is no change in the spectrum upon addition of peroxynitrite (Figure 6.5B).  
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Figure 6.5.  Optical spectra of as-isolated (A) M125A (FeN) and (B) M429A (FeH) YhjA 
(black line) with the addition of 10-fold excess peroxynitrite (red).  The insets show the 
Q-band region and LMCT band. 
 
6.3.6 EPR properties.  Electron paramagnetic resonance is a technique for investigating 
the magnetic properties of metallocofactors and has been used to study the FeH and FeL 
hemes in diheme cytochrome c peroxidases.  EPR spectra of the as-isolated and 
ascorbate-reduced samples of YhjA were recorded to examine how the properties of the 
three hemes in YhjA compare to canonical bCCPs.  The as-isolated, ferric YhjA sample 
has a high-spin rhombic Fe+3 signal with g = 6.2 and g = 5.7.  The ferric YhjA also 
contains low-spin Fe+3 signals at g = 3.11, g = 2.83, and g = 2.36 (Figure 6.6A).  In 
diheme bCCPs, the g =3.11 and g = 2.83 signals represent the Met-His ligated FeH and 
the bis-His ligated FeL, respectively.  The signal at g = 3.11 is a component of the highly 
anisotropic low spin (HALS) signal from FeH seen in the diferric state of bCCPs.  Figure 
6.6B shows that when reduced with ascorbate, the low spin features at g = 3.11, 2.83, and 
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2.36 bleach, indicating transition to Fe+2, with only the high-spin g = 6.2 and 5.7 signals 
remaining.   
Further assignment of the EPR spectra was possible with use of the N-terminal 
domain variant, containing only FeN.  In the as-isolated state, this construct contains the 
low-spin Fe+3 signals at g = 2.86 and 2.35 (Figure 6.6C), indicating that the signal at g = 
2.86 is not attributed to the low-spin of FeL, as in canonical bCCPs. 
 
Figure 6.6.  Electron paramagnetic resonance spectra of (A) as-isolated, (B) ascorbate-
reduced, and (C) N-terminal domain YhjA.  Data was collected at 15 K, 9.37 GHz, 4 
mW, with 10 G modulation amplitude. 
 
6.3.7 Quinol titration. Due to the overall low activity, and the unusual redox properties of 
the heme centers of YhjA, we examined the ability of quinols to provide reducing 
equivalents to the enzyme, in lieu of a more typical cytochrome-based pool of electrons.  
Using duroquinol and menadiol as soluble analogues of ubiquinol (UQH2) and 
menaquinol (MQH2), it was found that menadiol (-15 mV) was able to reduce the 
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majority of the heme centers of YhjA by monitoring the spectral development of the α/β-
bands at ~550 nm (Figure 6.7A), while duroquinol (+5 mV) was a poor reductant for 
YhjA (Figure 6.7B). By using the relative intensity of the α/β-bands in comparison with 
the dithionite-reduced enzyme (assuming that dithionite is capable of reducing YhjA 
entirely), the extent of reduction could be monitored (Figure 6.7C). When present in 
small excesses (~7 to 10-fold) the analogue of menaquinol was capable of reducing two 
of the three heme centers of YhjA (66%), and further increases in menadiol did not 
achieve significant further reduction. In contrast, duroquinol was a poor reductant at all 
concentrations (Figure 6.7C, red circles): even at 100-fold excess, reduction was no 
greater than 5%. 
 
Figure 6.7. Reduction of 3 µM YhjA (solid line) with (A) menadiol (dashed line) and (B) 
duroquinol (dashed line).  In both cases, fully reduced YhjA was achieved with dithionite 
and is shown as the dotted line.  (C) Plot of percent reduction of YhjA at different 
concentrations of quinol, where the open black circles are with menadiol, open red circles 
are with duroquinol, the black diamonds are M125A with menadiol, and the blue squares 
are M429A with menadiol.   
 
 Based upon the potentials measured above, we hypothesized that a quinol-based 
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these heme centers, resulting in a novel heme that should possess a potential too low to 
be reduced by either quinol.139 In the case of M429A, Ala replaces the native Met ligand 
of the FeH center, and in the case of M125A, the same replacement has occurred at the 
novel N-terminal heme center. Remarkably, in both cases, the mutation results in a 
decrease of the extent to which YhjA can be reduced with menadiol as a reductant. In the 
case of Met125Ala (Figure 6.7C, black diamonds) treatment of 3 µM M125A YhjA with 
5-fold excess of menadiol results in the reduction of approximately 30% of the hemes (or 
one heme in three).  In the case of M429A, the extent of reduction is the same, though a 
10-fold excess of menadiol is required to achieve the same extent of reduction. Thus, 
through the permutation of the heme potentials of FeN or FeH, one electron can still enter 
YhjA. These two mutations do not alter the ability of duroquinol to act as a poor 
reductant. Finally, inclusion of one to two equivalents of hepty-4-quinolinol 1-oxide 
(HQNO, a known inhibitor of menaquinol-using enzymes), does not entirely inhibit the 
reduction of YhjA (or its mutants) by menadiol, but instead raises the concentration 
required to achieve the same extent of reduction (data not shown).   
 
6.4 Discussion 
6.4.1 Protein expression and purification.  Escherichia coli YhjA was expressed as holo-
enzyme.   YhjA is predicted to contain a signal peptidase II cleavage site, which would 
yield a lipid-modified cysteine residue.  For solubility, a truncated version of YhjA was 
used, starting at residue His 29, after the proposed cleavage site.  This construct contains 
a N-terminal strep tag for purification, which has a higher affinity than a 6xHis-tag used 
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on previous constructs of YhjA.  However, yield of pure YhjA was improved when a 
phenyl sepharose column was used prior to the strep column to remove contaminants.  In 
this construct, YhjA is purified with a final yield of 4 mg/L cell culture and a purity index 
greater than 3.  Pyridine-hemochrome assays demonstrated that the three c-type hemes 
have been properly incorporated into YhjA.   
6.4.2 Optical properties.  Absorption spectra of purified YhjA displays features 
consistent with all three hemes in the ferric state, with a Soret at 408 nm (Figure 6.2).  
Addition of ascorbate causes a red-shift in the Soret to 419 nm and an increased intensity 
of the α/β bands at 553 and 527 nm.  A shoulder remains at 408 nm, representative of the 
FeL remaining in the ferric state.  In canonical diheme bCCPs, the generation of the active 
form is characterized by the FeL becoming five-coordinate and high-spin, observed as an 
increase in absorbance of the ligand-metal charge-transfer band at ~640 nm.140, 141 This 
charge-transfer band is present in as-isolated YhjA and does not exhibit a change upon 
reduction with ascorbate, suggesting that YhjA is active as-isolated.  Additionally, a 
crystal structure from the Einsle lab shows that FeL is five-coordinate in the as-isolated 
state, further supporting the hypothesis that YhjA does not require reductive activation.   
6.4.3 Protein film voltammetry. Protein film voltammetry was used to compare the redox 
properties of the hemes in YhjA to those of canonical bCCPs.  Nonturnover PFV of YhjA 
on graphite electrodes has two features located at -275 mV and +60 mV (Figure 6.3). 
The feature at -275 mV can be assigned to the Fe+2/+3 couple of the FeL, as it is similar in 
potential to the potential of the FeL in canonical bCCPs, such as the P. aeruginosa CCP, 
which was determined to be -234 mV via PFV.142 Potentiometric titrations have also been 
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used to determine the potential for FeL in bCCPs, giving a range of -254 mV to -330 
mV.124, 143, 144  A signal has yet to be observed in PFV for the FeH of a bCCP, requiring the 
use of potentiometric titrations with mediators to determine the potential.  The second 
feature in the voltammogram of YhjA at +60 mV is unique for the properties of a bCCP. 
This is much lower in potential than the reported potentials of the FeH in diheme bCCPs 
determined through potentiometric titrations, which have potentials > +200 mV.124, 143, 144 
The large peak width at half height (130 mV) for this unique feature in YhjA suggests 
that it may represent the Fe+2/+3 couple for two hemes.   Fitting of this feature to two one-
electron centers gives potentials of +30 and +90 mV. While these potentials have not 
been able to be assigned to the FeN and FeH yet, these are novel potentials for a FeH. 
6.4.4 Solution kinetic analysis.  YhjA’s ability to act as a peroxidase was evaluated using 
a solution-based activity assay.134 Using horse heart cytochrome c as the electron donor, a 
Km of 73 µM was measured for YhjA.  The range for reported bCCPs is 0.5- 91 µM.  As 
hypothesized based on the absorption features and replacement of the FeL coordinating 
His residue with a Val, YhjA was active without the need for reduction, making it most 
similar to the Nitrosomonas europaea CCP, which is active as-isolated. The crystal 
structure for the tri-ferric form of Yhja has recently been solved by the Einsle lab and 
confirms that FeL is penta-coordinate as-isolated, supporting the hypothesis that YhjA is 
most similar to the Ne CCP.  Additionally, aligning the crystal structures of YhjA and Ne 
CCP demonstrates the high structural and conformational similarity between the diheme 
bCCP portion of YhjA and Ne CCP (Figure 6.8).  
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Figure 6.8.  Alignment of the crystal structures of Ne CCP (cyan) and E. coli YhjA 
(grey) with the hemes shown in magenta and red, respectively. Depicted using the 
recently solved structure from the Einsle lab (unpublished) and 1IQC.   
 
 As no soluble monoheme cytochrome c’s exist that could serve as the native 
electron donor for YhjA, the possibility that the electron donor is a monoheme 
cytochrome b was investigated with E. coli cytochrome b562.  The results obtained with 
cyt b562 were slightly better with a Km of 50 µM and kcat of 0.40 s-1, suggesting that cyt b562 
is either not the native electron donor and/or hydrogen peroxide is not the native 
substrate.   
 Due to the sequence similarity with the triheme Aggrebacter 
actinomycetemcomitans QPO, YhjA’s ability to use a quinol as the electron source to 
support peroxide turnover was investigated.  Similar to QPO, YhjA displays peroxidase 
activity using ubiquinol as an electron donor.  Further investigation into the ability to use 
a quinol as the electron donor was done to evaluate specificity for the type of quinol.  The 
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E. coli respiratory chain uses both menaquinols and ubiquinols in the quinol pool.  Using 
menadiol as the electron donor in solution assays were unsuccessful as the background 
reactivity was high, preventing analysis.  Using ubiquinol, the Km value for peroxide was 
in the range observed with QPO; however, the kcat was two orders of magnitude lower.  
This casts doubts on YhjA functioning as a quinol peroxidase.  The significantly 
improved ability of menadiol to reduce YhjA, seen in Figure 6.7C, suggests that if a 
quinol pool is the native electron donor for YhjA, it is likely the menaquinol pool.   
 The ability of YhjA to react with an alternative small molecule was also 
investigated using peroxynitrite, with horse heart cytochrome c as the electron donor for 
simplicity.  Peroxynitrite is formed by the diffusion-controlled reaction of superoxide and 
nitric oxide. Peroxynitrite degrades rapidly (on the order of seconds) at neutral pH, 
requiring the assays to be done at pH 9.  YhjA exhibited significantly improved activity 
when reacted with peroxynitrite, yielding a Km of 14 µM.  To allow for direct 
comparison, assays were performed with hydrogen peroxide at pH 9, as the activity of 
bCCPs is known to be pH-dependent and optimal at slightly acidic pH (~ 6).  Under these 
basic conditions, the Km for hydrogen peroxide was 305 µM.  These results show greatly 
improved activity with peroxynitrite as the substrate, supporting the hypothesis that 
YhjA’s native substrate may not be hydrogen peroxide, but rather peroxynitrite or a 
similar small molecule.   
 Previous reports have identified heme proteins reacting with peroxynitrite with 
various rates and mechanisms.  Fe+3 porphyrins can reduce peroxynitrite, yielding an 
oxidized oxo-FeIV intermediate, which can be reduced back for the catalytic cycle.  
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However, Fe+3 porphyrins are more often reported as catalyzing isomerization of 
peroxynitrite to nitrate.  For example, myeloperoxidase reduces peroxynitrite, generating 
a ferryl species and •NO2.145 In contrast, oxyhemoglobin is oxidized to the ferric +3 state 
and isomerizes peroxynitrite to nitrate.146 Further examination is required to determine 
whether YhjA reduces or isomerizes peroxynitrite.     
6.4.5 Spectral changes with substrates. To further investigate YhjA’s reactivity with 
possible substrates, a near-infrared spectrophotometer was used to determine if there are 
spectroscopic changes upon addition of substrate.  When oxidized WT YhjA was reacted 
with a ten-fold excess of peroxynitrite, there was a 4 nm red-shift in the Soret along with 
slight bleaching (Figure 6.4).  A sharpening of the α band was also observed in addition 
to disappearance of the charge-transfer band at 620 nm.  These changes are similar to 
those seen with the diheme enzyme MauG when reacted with hydrogen peroxide; 
however, the broad band at 950 nm observed with MauG is not seen with YhjA.  The red-
shift and bleaching of the Soret along with the 950 nm band has been attributed to the 
formation of a bis-FeIV intermediate in MauG.147 Since the 950 nm band is not observed 
for YhjA, it is not clear what these optical changes represent.  Similar changes were seen 
using ten-equivalents with oxidized YhjA.  These results further support the solution 
assays; YhjA reacts with both hydrogen peroxide and peroxynitrite, but the reactivity 
with peroxynitrite is unique.  The diheme CCP from Shewanella oneidensis (So) was 
used to investigate peroxynitrite reactivity with a canonical diheme bCCP.  There were 
no changes in the spectrum upon addition of ten-fold excess of peroxynitrite to So CCP, 
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indicating that the changes seen with YhjA are unique and not a general trait observed 
with all heme proteins.   
 In an attempt to understand the path of electron transfer, the FeN and FeH ligand 
mutants, M125A and M429A, respectively, were used for peroxynitrite reactivity studies 
(Figure 6.5).  The M125A mutation did not impact reactivity, as the same red-shift and 
bleaching in the Soret were seen as with WT YhjA. There were no changes observed in 
the spectrum upon addition of peroxynitrite for the FeH M429A mutant; however, the as-
isolated spectrum of M429A does not display the LMCT band seen in WT and M125A 
YhjA.  The reactivity seen with M125A indicates that FeN does not play a role in the 
reactivity of YhjA with peroxynitrite, but FeH does.   
6.4.6 Electron paramagnetic resonance. EPR is a technique frequently used to examine 
the magnetic properties of the hemes in diheme bCCPs.   Diheme bCCPs are known to 
exist in a mixture of spin states that is dependent on the spin state of FeH.  EPR was 
performed on as-isolated, tri-ferric YhjA, as well as ascorbate-reduced, to compare the 
properties of a novel triheme enzyme with those of canonical diheme bCCPs (Figure 
6.6). The EPR spectrum of as-isolated YhjA displays a rhombic high-spin Fe+3 signal 
with g = 6.2 and 5.7.  The high-spin signal of FeL is not typically observed for diheme 
bCCPs, but is predicted to be at g = 6 for a five coordinate S = 5/2 system.148 Similar g-
values have been reported for a heme in the multiheme cytochrome from Desulfuromonas 
acetoxidans with gy = 6.2 and gx = 5.4 and ferrimyoglobin fluoride with g = 6.1 and 
5.9.149, 150  
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 The as-isolated YhjA also has low-spin Fe+3 signals at g = 3.11, 2.86, and 2.35.  
The g = 3.11 and g = 2.86 signals have been observed for diheme bCCPs where g = 3.11 
has been assigned to the HALS signal from FeH and g = 2.86 is the low-spin component 
of FeL.  In the diheme bCCPs, only the g = 3.11 signal is quenched upon treatment with 
ascorbate to generate the semi-reduced form, as the FeL remains in the Fe+3 state.  In the 
Pseudomonas aeruginosa CCP, low-spin features are seen at g = 3.26 and 2.94.  When 
semi-reduced, the g = 3.26 signal is quenched and g = 2.94 shifts to g = 2.85 as FeL 
becomes five-coordinate.151 However, when YhjA was reduced with ascorbate, the 
signals at g = 3.11, 2.86, and 2.35 were all quenched. Upon ascorbate reduction, the high-
spin signal remains largely unchanged.   
 These results suggest that the low-spin signals at g = 2.86 and g = 2.35 are not the 
low-spin component of FeL, but rather a different Fe+3 species.  Further assignment of the 
EPR features was achieved with the ferric N-terminal domain construct of YhjA, which 
only contains FeN.   This displayed a rhombic low-spin feature with g = 2.86 and g = 
2.35, allowing assignment of these signals to the FeN. Using this data, the signal at g = 
3.11 is assigned to the HALS of FeH and the rhombic high-spin features at g = 6.2 and 5.7 
are assigned to FeL.   
6.4.7 Quinol titration.  Canonical bCCPs receive their reducing equivalents from a 
monoheme cytochrome c. However, E. coli does not contain a monoheme cytochrome c 
that could serve as the electron donor for YhjA.  Additionally, YhjA shares sequence 
similarity to previously characterized triheme quinol peroxidase and has a predicted 
signal peptidase II cleavage site, which would lipidate a cysteine residue.  This lipidation 
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could serve to anchor YhjA in close proximity to its native electron donor.  Above, YhjA 
was shown to be able to use an ubiquinol analogue to support turnover.  To investigate 
the specificity for quinol (menaquinol vs. ubiquinol), the ability of menadiol and 
duroquinol to reduce YhjA was examined (Figure 6.7).  With small excess of menadiol, 
the percent reduction of YhjA plateaued at 65 %, corresponding to the reduction of two 
of the three hemes.  However, with 25-fold excess duroquinol, YhjA was modestly 
reduced at only 5 % reduction.  While both menadiol (E = -15 mV) and duroquinol (E = 
+5 mV) have reduction potentials suitable for reducing FeN and FeH of YhjA, based on 
the midpoint potentials determined above by PFV, there is clear specificity for 
menaquinol.  This observation is consistent with previous reports that the menaquinol 
pool is the predominant quinol pool present in the micro-aerobic conditions that YhjA is 
known to be up-regulated.   
 
6.5 Conclusions 
 The triheme enzyme YhjA from E. coli is a predicted cytochrome c peroxidase. 
This novel enzyme has very modest activity with hydrogen peroxide, raising the question 
of its native substrate.  An alternative substrate, peroxynitrite, was examined and showed 
significantly improved activity than with hydrogen peroxide.  Additionally, as no 
monoheme cytochrome c exists in E. coli that could serve as the native electron donor, 
possible electron donors were explored.  Menadiol displayed the ability to serve as the 
native electron donor for YhjA, suggesting a role for the predicted lipidation site on 
YhjA: to maintain proximity to the quinol pool.  Further characterization of YhjA with 
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PFV and EPR identified unique properties of the hemes in YhjA compared to bCCPs.   
The PFV indicated a unique potential for FeH, ~200 mV lower than the FeH in most 
bCCPs.  EPR assignment was achieved using a N-terminal domain construct displaying a 
low-spin rhombic Fe+3 with g = 2.86 and g = 2.35.   
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Chapter 7 
 
7.1 Introduction 
The AdoMet radical enzyme superfamily is a rapidly growing enzyme 
superfamily featuring over 40 identified subclasses based on reactivity.8  A common trait 
of all of these members is that their diverse reactions are believed to all be initiated by a 
hydrogen atom abstraction.59, 49 This hydrogen atom abstraction is achieved with the 
generation of the radical initiator, 5’-deoxyadenosyl 5’-radical, formed by the reductive 
cleavage of S-adenosylmethionine (AdoMet).  The reductive cleavage of AdoMet is 
believed to have a very low reduction potential, attracting attention as to how these 
enzymes are able to catalyze this reaction.11 A significant portion of this thesis was 
focused on the electrochemical characterization of members of the AdoMet radical 
enzyme to understand how this superfamily is able to tune the redox properties of the FeS 
cluster to carry out this reaction.  Members of three subclasses were examined: BtrN 
from the dehydrogenase subclass (Chapter 2), MiaB and RimO of the 
methylthiotransferases (Chapter 3), and B12-dependent enzymes with TsrM and OxsB 
(Chapter 5).  Electrochemical characterization was also described in Chapter 4 for five 
ferredoxins from Thermotoga maritima that we examined as possible native electron 
donors for MiaB.  
Another class of enzymes investigated in this thesis is the bacterial cytochrome c 
peroxidase family.  Bacterial cytochrome c peroxidases are periplasmic enzymes 
responsible for the detoxification of hydrogen peroxide via a two-electron reduction. 
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Bacterial CCPs contain two c-type heme cofactors, where one is the high-potential (FeH) 
heme responsible for shuttling electrons to the active site, and the other heme is the low-
potential (FeL) active site heme.152, 120, 123 A novel group of predicted cytochrome c 
peroxidases containing a triheme motif has been identified in enteric pathogens.127 
Chapter 6 described the biochemical and biophysical characterization of the triheme 
enzyme YhjA from E. coli.   
7.2 Conclusions and future work 
7.2.1 Dehydrogenase: BtrN.  The AdoMet radical enzyme BtrN from Bacillus circulans 
was examined using the technique of protein film electrochemistry.  By examining BtrN 
in nonturnover mode, the potentials of the AdoMet radical cluster and auxiliary cluster 
could be directly measured.  The potentials observed for the wild-type enzyme were -510 
mV and -765 mV (Figure 2.2A).  Assignment of potentials to their respective clusters 
was achieved using the Cys-16,20,23-Ala mutant, devoid of the AdoMet radical cluster, 
where only the low-potential feature at -765 mV was observed (Figure 2.2B).  The -510 
mV potential assigned to the AdoMet radical cluster is fairly close in potential to the 
values reported in lysine 2,3-aminomutase and biotin synthase.20, 23  
 The -765 mV potential observed for the auxiliary cluster in BtrN is the lowest 
reported potential for a [4Fe-4S] cluster to date.  Equipped with the crystal structure, we 
can now systematically investigate the interactions that control this low potential.  The 
environment of the auxiliary cluster has a large number of hydrophobic residues that pack 
around the cluster.  These hydrophobic residues likely help stabilize the exceedingly low 
potential of the cluster, by preventing solvent accessibility.  Mutations of these 
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hydrophobic residues, where Val and Leu are mutated to a smaller residue, such as Ala 
(Val238Ala/Val171Ala, Leu121Ala/Leu231Ala), will generate a more solvent accessible 
cluster environment and will likely result in an increase in potential.  Additionally, 
Arg226 is likely an essential residue for mitigating the build-up of negative charge upon 
reduction of the cluster, due to its close distance (3.5 Å) from a sulfide of the cluster 
(Figure 2.6).  Various mutants can be generated for this residue to determine its 
importance in modulating the redox potential of the cluster. Additionally, Ser229 is a 
potential hydrogen-bonding partner with Cys232. Generation of mutants for this residue, 
such as Ala and Thr, will analyze the role of this residue in maintaining the potential of 
the auxiliary cluster.   
 The possibility of proton-coupled electron transfer for BtrN was also examined 
with protein film electrochemistry.  The auxiliary cluster was essentially pH-invariant; 
however, the AdoMet radical cluster displayed a pH-dependence consistent with a one-
electron: one-proton coupled process, suggesting a role for proton transfer in the 
chemistry of the active site (Figure 2.3).  His117 is a conserved residue that makes 
hydrogen-bonding interaction with the carboxylate of AdoMet that ligates the cluster 
(Figure 2.7).  Additionally, Tyr22 is in hydrogen-bonding distance with Nδ.  It is possible 
that Tyr22 and His117 act as a concerted unit for proton delivery to the active site and are 
coupled to the redox chemistry.   A mutant of Tyr22 may display an altered redox 
potential and also perturb the pKas seen for the pH-dependent redox potential of FeSAM.  
Similarly, mutations can be made to His117 to determine its role in PCET.   
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 The impact of AdoMet binding on the redox potentials of BtrN were assessed, 
displaying a positive shift in potential for both the auxiliary cluster and AdoMet radical 
cluster (Figure 2.4A).  However, the shift in potential seen for FeSAM was much larger 
than the shift observed for FeSAux.  It was also comparable to the impact of AdoMet 
binding reported in the case of lysine 2,3-aminomutase.11, 20 The small shift in potential of 
FeSAux may be due to a conformational change that occurs upon binding of AdoMet, 
altering the environment of the cluster.  In comparing the structures of BtrN and 
anSMEcpe, they share similar folds, with the second auxiliary cluster found in a C-
terminal extension of the protein of anSMEcpe (Figure 7.1).  Both of these enzymes are 
predicted to use the auxiliary clusters as an electron conduit, and inspection of the 
environments between the AdoMet radical cluster and the auxiliary cluster, show similar 
properties with a tyrosine residue located approximately half-way between the two 
clusters (Figure 7.1C).  This residue may serve an important role in these enzymes, 
which could be investigated in the future with the use of site-directed mutagenesis.  
	  	   138	  
 
Figure 7.1.  Comparison of the structures of (A) BtrN and (B) anaerobic sulfatase 
maturating enzyme with AdoMet (shown in green) bound to the AdoMet radical cluster 
and substrate shown in magenta. (C) Alignment of BtrN (gray) and anSMEcpe (cyan) 
showing the environment between FeSAM and FeSAux.  Constructed with PDB 4M7T 
(BtrN) and 4K39 (anSMEcpe).   
 
 Another member of the dehydrogenase subclass, the anaerobic sulfatase 
maturating enzyme from Clostridium perfringens (anSMEcpe) has also been examined 
with PFE.  anSMEcpe is a more complicated example as it contains two auxiliary clusters 
(Figure 7.1).26, 51,55 PFE of the wild-type enzyme displays some irreversibility where the 
reductive scan seems representative of two one-electron centers, while the oxidative scan 
fits to three one-electron centers (Figure 7.2).   Additionally, the use of the Cys-
15,19,22-Ala mutant, missing FeSAM, displays a single feature shifted in potential, with 
the loss of the lower-potential signal.  EPR studies in the Booker lab have indicated 
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electronic communication between the FeSAM and one of the auxiliary clusters, which 
agrees with our data on anSMEcpe.  Using the knowledge gained from the study of BtrN, 
these same analyses can be applied to anSMEcpe to understand another member of this 
dehydrogenase subclass and shed light on the role of the second auxiliary cluster.   
 
Figure 7.2. Cyclic voltammograms of (A) wild-type and (B) Cys-15,19,22-Ala mutant 
devoid of FeSAM of anaerobic sulfatase maturating enzyme (anSMEcpe).  The baseline 
response of the electrode is shown as the dashed line and the inset is the baseline-
corrected data.  Data was collected at 220 mV/s, pH 8, 200 mM NaCl, and 5 °C. 
 
7.2.2 Methylthiotransferases: MiaB and RimO.  Thermotoga maritima RimO and 
Bacteroides thetaiotaomicron MiaB, two members of the methylthiotransferases subclass 
of AdoMet radical enzymes, were investigated with protein film electrochemistry.  These 
enzymes perform very similar reactions, attaching a methylthio-group to an unactivated 
carbon of ribosomal protein S12 (RimO) or tRNA (MiaB).28, 30, 4, 29, 3 For these enzymes, 
only a single feature was observed in both cyclic voltammetry and square wave 
voltammetry modes (Figures 3.2A and 3.3).  However, this feature was wider than that 
expected for a single one-electron center, indicating that it is representative of both the 
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AdoMet radical and auxiliary clusters.   Assignment of potentials to the clusters was 
achieved with the use of triple variants, which lacked the AdoMet radical cluster and only 
displayed a narrow feature at ~-370 mV (Figures 3.2B and 3.3).  This allowed for the 
assignment of a potential of -450 mV for the AdoMet radical cluster.  The similar 
properties of the clusters in MiaB and RimO, and the difference in potential for the 
auxiliary clusters in MiaB and RimO versus BtrN, indicate the potentials are poised for 
the reactions the enzymes catalyze.   
 To further understand how the redox properties of MiaB and RimO are tuned for 
their reaction, AdoMet and SAH were added.  As MiaB and RimO use AdoMet as both a 
radical initiator and methyl donor, the impact of AdoMet binding was more complex than 
in the case of BtrN.  Addition of AdoMet demonstrated an initial shift positive in 
potential, followed by the formation of a low-potential feature ~-600 mV (Figure 3.4).  
Using SAH as an AdoMet analog, only the positive shift in potential was seen (Figure 
3.5).  Currently, the only crystal structure of a methylthiotransferase is for T. maritima 
RimO, where the two [4Fe-4S] clusters are connected by a pentasulfide chain (Figure 
7.3).30 In the structure, the auxiliary cluster and AdoMet radical cluster are separated by a 
distance of only ~7.3 Å; much less than the 15.8 Å between the clusters in BtrN.53 The 
proximity of the two clusters in RimO is likely to ensure the auxiliary cluster is near the 
active site, as it is believed to be destroyed in catalysis and serve as the source of sulfur.  
As the clusters are located close to each other, the environments are very similar, which 
is consistent with the similarity between their two potentials.  The AdoMet radical cluster 
does seem to have a few more hydrophobic residues near by, which would prevent 
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solvent accessibility to the cluster and should result in the slightly lower potential 
observed.  Future work could take a closer look at the environments of the AdoMet 
radical clusters in members of the superfamily, such as BtrN and RimO, and perform site-
directed mutagenesis on nearby residues to achieve a better understanding of how the 
potential for this cluster is tuned in these diverse enzymes.   
 
Figure 7.3.  Cartoon depiction of Thermotoga maritima RimO showing the two iron-
sulfur clusters, in sticks, connected by a pentasulfide chain. Made with PDB entry 4JC0.    
 
 The availability of the crystal structures for AdoMet radical enzymes studied, 
allows for close examination of the environments in these enzymes, and the ability to 
elucidate the factors that contribute to tuning the potentials.  Figure 7.4 displays the 
crystal structures of BtrN, anaerobic sulfatase maturating enzyme from Clostridium 
perfringens, and Thermotoga maritima RimO, all shown in cartoon form and colored 
based on polarity.  This figure depicts the hydrophobic nature of the environments for the 
auxiliary clusters in both BtrN and anSMEcpe, which display very low potentials, serving 
as a contrast to the neutral enviroment of the auxiliary cluster in RimO.  As more 
structures become available for members of this family, the factors contributing to the 
reduction potentials can more closely be assessed. 
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Figure 7.4.  Structures of (A) BtrN (PDB 4M7T), (B) anaerobic sulfatase maturating 
enzyme from Clostridium perfringens (PDB 4K39), and (C) Thermotoga maritima RimO 
(PDB 4JC0), colored based on polarity where blue is polar, and red is nonpolar.   
 
7.2.3 Ferredoxins from Thermotoga maritima.  Five ferredoxins from Thermotoga 
maritima were examined with protein film electrochemistry to investigate their ability to 
serve as the native electron donor for T. maritima MiaB.  Only one of the five Fds 
examined contained a single [4Fe-4S] cluster, TM0927, displaying a single reversible 
feature at -420 mV (Figure 4.2).  The other Fds: TM1175, TM1289, TM1533, and 
TM1815 all displayed unique sequence and electrochemical properties in comparison to 
canonical 2[4Fe-4S] Fds.  Typically, 2[4Fe-4S] Fds fall into two categories: the 
clostridial-like Fds where the clusters are isopotential and the Alvin-type Fds where the 
clusters are ~-200 mV apart in potential and the second cluster-binding motif has a six 
amino acid insertion.58, 85, 79   TM1175 displayed two features close in potential with 
midpoint potentials of -395 and -490 mV (Figure 4.3A). TM1289 had potentials for the 
clusters most similar to the potentials for Alvin-type Fds, despite lacking the six amino 
acid insertion in the second cluster-binding motif, with -380 mV and -570 mV (Figure 
4.3B). TM1533 and TM1815 had the most unusual properties for 2[4Fe-4S] Fds, with 
very low potentials of -710 and -725 mV, respectively (Figure 4.4A and B).   
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 None of the 2[4Fe-4S] Fds analyzed had the six amino acid insertion in the 
second cluster-binding motif, which is believed to be responsible for the difference in 
potential between the two clusters, and would explain the potentials seen for these T. 
maritima Fds.  However, TM1175, TM1533, and TM1815 all have additional amino 
acids in cluster-binding motifs.  By mutating these cluster-binding motifs to achieve the 
canonical CXXXCXXCXXCP motif, the potentials observed for the T. maritima Fds can 
be systematically investigated. Additionally, the significance of the amino acid before the 
last cysteine in the cluster-binding motif (CXXXCXXCXXCP) can be investigated to 
assess how this residue tunes the potential of the cluster by mutating the residue to 
smaller hydrophobic residues (Ala) and polar residues (Ser).   Hydrophobic residues in 
the cluster-binding motifs are believed to be important for modulating the potential of 
FeS clusters and achieving low potentials due to preventing solvent accessibility. The 
importance of other positions in the cluster-binding motif will be examined with similar 
smaller hydrophobic mutations (Ala) and polar residues (Ser) to achieve a more 
comprehensive understanding of the reduction potentials of 2[4Fe-4S] Fds.  
 TM0927, TM1175, TM1289, and TM1815 did not display proton-coupled 
electron transfer; however, TM1533 had pH-dependence data consistent with proton 
gating, where the oxidative peak of cluster B was not seen at low pH values and at certain 
scan rates.  This gating could be studied further by performing full scan-rate 
dependencies of TM1533 at a number of pH values.   
7.2.4 B12-dependent AdoMet radical enzymes: TsrM and OxsB.  In order to achieve a 
broader understanding of the AdoMet radical enzyme superfamily, the B12-dependent 
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subclass, which has the unusual cofactor requirement of a cobalamin, was studied.   TsrM 
was originally observed to display two features in the cyclic voltammogram at -550 mV 
and -140 mV (Figure 5.3A).  Generation of a methylcobalamin sample of TsrM had a 
single feature at -560 mV (Figure 5.3B).  Similar features were seen with another B12-
dependent enzyme OxsB, which is chemically reconstituted for both the FeS cluster and 
Cbl.  OxsB reconstituted with AqCbl displayed two features at -550 mV and -150 mV, as 
with the as-isolated TsrM (Figure 5.4A). The MeCbl OxsB sample only displayed a 
single feature at -550 mV (Figure 5.4B).  The single features observed for MeCbl TsrM 
and MeCbl OxsB are assigned to the potential of the AdoMet radical [4Fe-4S] cluster, as 
methylcobalamin is not believed to have a readily reversible reduction.  
 Recent studies by Benjdia et al and unpublished work from the Booker lab have 
indicated that AdoMet does not bind to the cluster of TsrM, but rather nearby.103 Despite 
not binding directly to the AdoMet radical cluster, addition of AdoMet (or SAH) to the 
cell solution has the same effect as seen with BtrN and MiaB, where there is a positive 
shift in potential (Figure 5.5).   
 In examining the electrochemical properties of MeCbl TsrM, at slow scan rates 
and low pH, a new irreversible reductive feature was observed ~-800 mV (Figure 5.6).  
This feature has been attributed to a MeCbl redox process.  Future work will be focused 
on further exploring this feature.  By systematically studying this MeCbl feature as a 
function of scan rate and at various pH values, we will be able to monitor reactivity of 
MeCbl and extract kinetic rate constants for the decay of the MeCbl. Additionally, use of 
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various cobalamin forms for the chemical reconstitution of OxsB will allow for careful 
examination of the redox properties of Cbl.  
7.2.5 Further exploration of the AdoMet radical enzyme superfamily. The demonstration 
that protein film electrochemistry can be successfully employed to characterize the 
electrochemical properties of the AdoMet radical enzyme superfamily, opens the door to 
exciting possibilities to understand this superfamily.  With over 113,500 identified 
members in this superfamily, a very small subset of members has been characterized to 
date.  The most extensive analysis has been performed on lysine 2,3-aminomutase, the 
founding member of the superfamily.11,17,20,48 Originally, the AdoMet radical enzyme 
superfamily was characterized as containing a single [4Fe−4S] cluster, which served as 
the active site, and the discovery of members with additional clusters was viewed as 
atypical.  Further analysis of the AdoMet radical enzymes containing auxiliary clusters 
will be needed to understand the redox properties of auxiliary clusters and their roles in 
catalysis. The role for the auxiliary clusters in BtrN and anSMEcpe have been proposed 
to serve a role in electron transfer to and/or from substrate25,26, whereas the auxiliary 
cluster in sulfur insertion enzymes BioB, LipA, MiaB, and RimO, are believed to donate 
the sulfur atom required for catalysis.  TYW1 is an AdoMet radical enzyme involved in 
the formation of wybosine, a modified base in tRNA, through cyclization of N1-
methylguanosine.153,154  Like the AdoMet radical enzymes mentioned above, TYW1 
contains an auxiliary [4Fe−4S] cluster and has shown structural and sequence similarity 
to MoaA, where the auxiliary cluster is believed to be involved in positioning of substrate 
for catalysis.153,154   Electrochemical analysis of TYW1 will further expand the 
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understanding of the AdoMet radical enzyme superfamily and shed light on the role of 
the auxiliary cluster in TYW1.  
 
Figure 7.5.  Protein sequence similarity network of a subset of (A) 4500 AdoMet radical 
enzyme sequences where the light grey nodes represent single cluster enzymes and the 
dark grey represent those the likely contain auxiliary clusters. (B) A sequence similarity 
network of only the enzymes that likely contain auxiliary clusters.   
 
 The protein sequence similarity network displayed in Figure 7.5A was generated 
using a random selection of 4500 sequences identified as AdoMet radical enzymes.  
Here, the light grey nodes represent the sequences that contain a single cluster, while the 
dark grey nodes correspond to AdoMet radical enzymes that likely contain at least one 
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auxiliary cluster, as identified by the presence of at least seven residues.  The nodes of 
functionally characterized AdoMet radical enzymes are colored by reaction type. Figure 
7.5A indicates that auxiliary clusters are widely present within the AdoMet radical 
enzyme superfamily, and found in nearly all areas of sequence space.  Figure 7.5B is a 
protein sequence similarity network containing only the sequences predicted to contain 
an auxiliary cluster.  Intriguingly, even reaction classes identified as being single cluster 
enzymes, such as the radical mutases featuring lysine 2,3-aminomutase, appear to have 
members that may contain auxiliary clusters.  This finding provides an interesting area 
for further exploration, where characterization of these enzymes would allow for the 
confirmation of additional clusters and allow for elucidation of the role that the auxiliary 
cluster serves.   
7.2.6 Predicted cytochrome c peroxidase from Escherichia coli: YhjA.  The predicted 
cytochrome c peroxidase, YhjA from E. coli, was characterized to examine a novel 
triheme enzyme.  Protein film electrochemistry was performed to compare the redox 
properties of the hemes in YhjA to those of canonical bCCPs.  YhjA displayed a low 
potential feature at -275 mV, similar to the potential of FeL in canonical bCCPs, and a 
novel feature at +60 mV that fit to two one-electron centers (Figure 6.3).  Assignment of 
these potentials to FeN and FeH will be achieved with the FeN construct, containing only 
FeN.  This construct should display a single feature, allowing for clear assignment of FeN 
and FeH.  Further confirmation of the assignment could be achieved using the bCCP 
domain construct, containing FeL and FeH.  This construct should have the feature at -275 
mV for FeL, and a narrowed high potential feature, representative of only FeH.  In addition 
	  	   148	  
to using protein film electrochemistry, potentiometric titrations will also be used for 
determination of the potentials of the heme centers, with the different constructs used to 
aid in assignment.   
 Activity assays of YhjA with hydrogen peroxide displayed very modest activity, 
indicating that YhjA may natively react with an alternative substrate (Table 6.1).  
Peroxynitrite, a reactive nitrogen species (RNS), was used to investigate this possibility 
and displayed greater reactivity than seen under the same conditions with hydrogen 
peroxide.  Steady-state kinetics were performed at pH 9 due to the instability of 
peroxynitrite at neutral pH.  Stopped-flow kinetics could be used to analyze peroxynitrite 
reactivity and examine the mechanism of the reaction.  Additionally, stopped-flow could 
be performed at both pH 9 and neutral pH to examine the reaction under both conditions.  
Other reactive nitrogen species, such as NO• and NO2- can be used in the future to further 
probe the reactivity observed with peroxynitrite. By examining other RNS, the reactivity 
seen with peroxynitrite may be elucidated, as some of the RNS may represent reactive 
intermediates in the peroxynitrite detoxification pathway.  Electronic paramagnetic 
resonance can also be used to elucidate the mechanism, by revealing the electronic 
properties of the hemes in the presence of substrate.   
 As no monoheme cytochrome c exists in E. coli that could serve as the native 
electron donor for YhjA, the identity of the native electron donor was investigated as a 
monoheme cytochrome b562 and a quinol.  Activity assays performed with cyt b562 as the 
electron donor displayed very modest activity, similar to that with horse heart 
cytochrome c, while improved activity was observed with benzoquinol.   The ability, and 
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specificity, of YhjA to use a quinol as the electron donor was further examined by 
monitoring the ability of menadiol, a truncated menaquinol, and duroquinol, a truncated 
ubiquinol, to reduce YhjA.  Menadiol was able to reduce YhjA to a much greater extent 
and with lower concentrations than duroquinol (Figure 6.7).  Preliminary studies with a 
microscale thermophoresis demonstration to measure the Kd of quinol binding using the 
analog HQNO gave an apparent Kd of 29 nM (Figure 7.6).  Determination of the Kd and 
location of the binding site of quinol would give further evidence of the quinol pool 
serving as the native electron donor for YhjA.   
 
Figure 7.6.  Microscale thermophoresis titration of HQNO with WT YhjA, collected 
with MST power of 40 % and LED power 95 %.   
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Appendix 
 
A.1 Introduction 
Within the bacterial CCP (bCCP) family, there are distinct protein groups, 
distinguished based on both structure and function.  The canonical group, composed of 
diheme CCPs requiring reductive activation, is exemplified by the CCPs from 
Pseudomonas aeruginosa and the more recently characterized Shewanella 
oneidensis.114,155, 152 The second group, including the diheme protein from Nitrosomonas 
europaea, is fully active in the oxidized state.115 
The electrons necessary for the reductive process are generally obtained from 
cytochrome c, a member of the bacterial electron transport chain.140 Transition to the 
active state involves the structural rearrangements in three loop regions of the protein, 
altering the surface properties and heme accessibility.117 The three loop regions that 
undergo rearrangement are the active site loop 1, adjacent loop 2, and loop 3, which is 
located close to the high potential heme group.117 The transition to the open form is 
triggered by the reduction of the high potential heme, leading to a conformational change 
in loop 3.  This reorientation leads to a clash with loop 2, changing to the less stable, 
open conformation.117 Loop 2 is regarded as a clamp holding the active-site loop in place 
in the closed conformation and releasing when triggered by loop 3 (Figure A.1).117, 125	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Figure A.1.  Structures of the cytochrome c peroxidase from Pseudomonas aeruginosa in 
the (A) as-isolated, diferric (PDB entry 1EB7) and (B) semi-reduced, active states (PDB 
entry 2VHD).  Loop 1 is shown in green, loop 2 in blue, and loop 3 in cyan, with the 
calcium ion depicted as the orange sphere.   
 
To investigate the structural dynamics of a member of the canonical bCCP family, 
surface exposed cysteine mutants have been introduced into the Shewanella oneidensis 
cytochrome c peroxidase.  These cysteine mutations will allow for the site-specific 
incorporation of probes to monitor dynamics via fluorescence or EPR in these key loop 
regions of So CCP.   
A.2 Experimental 
A.2.1 Expression and purification of Shewanella oneidensis cytochrome c peroxidase. 
Shewanella oneidensis cytochrome c peroxidase was expressed using a pMKL1 vector, 
which was generously given from F. Collart and Y. Londer (Argonne National 
Laboratory, Argonne, IL), containing an N-terminal maltose-binding protein tag with a 
TEV site between the MBP and So CCP to allow isolation of tag-free So CCP.  The 
SoCCP_pMKL plasmid was transformed into JM109 (DE3) cells containing pEC86, 
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which contain the E. coli cytochrome c maturation genes.  Single colonies were used to 
inoculate 5 mL LB media containing 34 µg/mL chloramphenicol and 100 µg/mL 
ampicillin and grown all day at 37 °C.  The 5 mL starters were then used to make 30 mL 
overnight cultures, containing the same ratio of antibiotics, overnight at 37 °C.  The 
overnight cultures were used to inoculate 1 L of 2xYT media containing the same ratio of 
antibiotics as the small cultures.  A total of four 1 L cultures were grown per prep and the 
cultures were grown at 37 °C and 220 rpm and induced with 40 µM IPTG (WT So CCP) 
or 400 µM IPTG (mutants) with shaking decreased to 180 rpm overnight.  The cells were 
harvested by spinning at 6,000 x g for 20 minutes.  So CCP was purified by suspending 
the cells in 5 mL per gram of cell pellet in amylose buffer, pH 7.5 (20 mM HEPES, 150 
mM NaCl, 10 µM EDTA). Lysozyme was added to the resuspended cell solution and 
incubated on ice for 10 minutes. The cell suspension was sonicated for five rounds of 10 
pulses at a power output of 8 and a duty cycle of 70 %.  The cells were centrifuged at 
10,500 rpm for 30 minutes, giving the periplasm in the supernatant.   
 So CCP was purified based on the previously published protocol used with 
Geobacter sulfurreducens enzyme, also prepared by Einsle and coworkers.117  The 
supernatant (~100 mL) containing the soluble So CCP was loaded onto amylose resin 
equilibrated with amylose buffer.  The bound So CCP was washed with amylose buffer 
until A280 < 0.1.  So CCP was eluted with amylose elution buffer (20 mM HEPES (pH 
7.5), 150 mM NaCl), red fractions containing So CCP were collected and pooled. For 
cleavage of the maltose binding protein tag, the eluted So CCP was incubated with an 
equimolar amount of purified TEV protease (purification described below) overnight at 4 
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°C.  The CCP/TEV mixture was centrifuged to pellet the precipitated TEV and the 
supernatant was incubated for 15 minutes with nickel beads equilibrated with loading 
buffer (50 mM sodium phosphate pH 7.5, 300 mM NaCl).  The mixture was loaded into 
the column and the flow through containing the clipped So CCP was collected. The resin 
was washed with the loading buffer and the bound TEV and MBP were eluted with a low 
imidazole buffer (50 mM sodium phosphate pH 7.5, 300 mM NaCl, 20 mM imidazole).  
Clipped So CCP fractions were pooled and run on a S-100 size exclusion column and 
then run on a 12.5 % SDS-PAGE gel to check the purity. The gel was stained for both 
heme content with 3,3’5,5’-tetramethylbenzadine (TMBZ) (131) and protein content using 
coomassie.    
A.2.2 Expression and purification of TEV protease.  The pTH24 plasmid containing TEV 
was transformed into Rosetta (DE3) pLysS cells and grown overnight on LB plates 
containing 34 µg/mL chloramphenicol and 100 µg/mL ampicillin.  Overnight cultures 
were made by inoculating 5 mL of 2xYT, containing the same concentrations of 
antibiotics, with a single colony of TEV.  The overnight cultures were used to inoculate 1 
L cultures and grown at 37 °C at 220 rpm and the OD was monitored until it reached 
mid-log phase.  At OD600 ~ 0.6, the growth was induced with 400 µM IPTG (final 
concentration) and the temperature was lowered to room temperature and left overnight at 
220 rpm.  The cells were harvested by centrifugation at 6000x g for 10 minutes.   
 The cell pellets were resuspended in 40 mL lysis buffer (50 mM sodium 
phosphate pH 7.0, 300 mM NaCl), a small tip of lysozyme was added, and the mixture 
was incubated on ice for 5 minutes.  The cells were lysed by sonication on ice up to 10 
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times with 10 second pulses and a 1 minute wait between each 10 second pulse.  The 
lysate was clarified by centrifugation for 20 minutes at 10,000 rpm at 4 °C.     
 Nickel beads were equilibrated with lysis buffer and the clarified lysate was 
loaded onto nickel beads and mixed at 4 °C for 30 minutes to bind protein.  The clarified 
lysate and bead slurry was then loaded into a column and washed with at least 300 mL of 
wash buffer (50 mM sodium phosphate pH 7.0, 300 mM NaCl, 20 mM imidazole).  
When the wash had A280 < 0.2, TEV was eluted with 100 mL elution buffer (50 mM 
sodium phosphate pH 7.0, 300 mM NaCl, 250 mM imidazole).  TEV was collected in 5 
mL fractions and a 12.5 % SDS-PAGE gel was run to determine the purity of each 
fraction.  Fractions with the highest purity were pooled and glycerol was added to 10 %.  
The fractions were not concentrated as TEV has limited solubility and will precipitate at 
higher concentrations.  The concentration of TEV was determined using the extinction 
coefficient of A280 of 36,310 M-1 cm-1.  TEV was frozen in 1.3 mL aliquots at -80 °C.  
A.2.3 Expression and purification of So ScyA.   ScyA was transformed into BL21(DE3) 
cells containing pEC86 and plated onto 2xYT containing 34 µg/mL chloramphenicol and 
100 µg/mL ampicillin.   Overnight cultures were made by inoculating 5 mL of 2xYT 
(with the same concentration of antibiotics) with a single colony and grown overnight at 
37 °C with 220 rpm.  The overnight cultures were used to inoculate 1 L of 2xYT and the 
cultures were grown without induction for 16-24 hours at 37 °C with 180 rpm.  The cells 
were harvest by centrifugation at 3500 rpm for 10 minutes.   
 Cells were resuspended in 40 mL of lysis buffer (20 mM Tris, pH 7.4, 50 mM 
NaCl, 1 mM EDTA) and lysed by sonication with 10 rounds of 10 pulses each, with 1 
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minute recovery between each round.  The lysate was then diluted two-fold before 
clarification by centrifugation for 25 minutes at 10,000 rpm.  A 10 mL bed volume of 
high S resin (GE Healthcare) was prepared by cleaning with 15 mL of 0.5 M NaOH, 
washed with 100 mL water, washed with 50 mL buffer B (10 mM sodium acetate, pH 
4.5, 1 M NaCl).  The clarified lysate with diluted with 20 mL of buffer A (10 mM sodium 
acetate, pH 4.5), and 3 M acetic acid was added drop-wise while monitoring the pH until 
the pH is 4.6. The solution becomes milky-pink as unwanted proteins precipitate out of 
solution.  The precipitated protein was removed by centrifugation for 20 minutes at 
10,000 rpm.  The supernatant was then loaded onto the equilibrated high S column.  
ScyA was in the reduced state and does not stick to the column; the pink flow through 
was collected.   
 The high S column was regenerated by washing with 30 mL buffer B, followed 
by 40 mL of 50 mM Tris, pH 7.4.   The column was then equilibrated with ~ 100 mL 
buffer A, with the pH of the flow through monitored with pH paper to ensure 
equilibration.  ScyA was then oxidized with potassium ferricyanide.  To do this, the 
absorbance spectrum of the high S flow through was collected, displaying prominent αβ 
bands.  The absorbance at 553 nm was used to estimate the concentration of ScyA (ε553 = 
17.6 mM-1 cm-1).  A 0.8 molar equivalent of potassium ferricyanide was added to ScyA 
and left to sit for 10 minutes before the spectrum was checked.  The solution turned 
blood-red indicating the change in heme oxidation state.  When ScyA was oxidized, 1 mL 
of 100 mM EDTA, pH 8.0, was added.  ScyA was then loaded onto the high S column 
and formed a red/brown band at the top of the column.  The resin was washed with 30 
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mL of buffer A.  ScyA was eluted in a step gradient, collecting 5 mL fractions.  The 
gradients used were 10 mL of 10 % buffer B (in buffer A), 10 mL of 20 % buffer B (in 
buffer A), 20 mL of 50 % buffer B in A, and 50 mL of buffer B.  The purity index 
(A411/A280) was measured for each fraction and fractions with purity indices > 4 were 
pooled.   
A.2.4 Activity assays of So CCP cysteine mutants. Activity assays were performed on the 
cysteine mutants to ensure that the mutation did not affect the ability to reduce hydrogen 
peroxide.  Assays were performed using horse heart cytochrome c (or So ScyA) as the 
electron donor.  Reduced horse heart cytochrome c was generated by resuspending the 
lyophilized cyt c in degassed assay buffer (5 mM MES/HEPES pH 6, 10 mM NaCl, 1 
mM CaCl2) and adding 2 mM of ascorbate (Sigma).  After incubating for 30 minutes, 
ascorbate was removed by running the cyt c over a PD-10 column that had been 
equilibrated with degassed assay buffer.  Semi-reduced So CCP samples were generated 
by making a 5 µM So CCP stock and incubating with 0.33 mM sodium ascorbate and 1.6 
µM 2,3,5,6-tetramethyl-1,4-phenylenediamine (Sigma) for 1 hour at room temperature.  
Assays were performed with a Cary50 (Varian) spectrophotometer and monitoring the 
decrease in absorbance at 550 nm for horse heart cytochrome c (or 553 nm for So ScyA). 
The assay mixture contained 10 µM horse heart cytochrome c, 2 nM So CCP (for WT) or 
20 nM So CCP mutants, and 0.3-45 µM hydrogen peroxide.   
A.2.5 Spin labeling of So CCP cysteine mutants.  Concentrated fractions of clipped So 
CCP mutants were used for the labeling reaction.  First, 7.5 µL of 1 M DTT was added to 
750 µL of So CCP and incubated for 30 minutes on ice to reduce disulfide bonds.  The So 
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CCP/DTT mixture was then run on a PD-10 column equilibrated with degassed 20 mM 
HEPES (pH 7.5), 150 mM NaCl buffer.  The eluted So CCP was collected in an 
anaerobic vial and immediately capped and placed under a stream of argon to prevent re-
formation of disulfide bonds.  A stock of the spin label (1-oxyl-2,2,5,5-
tetramethylpyrroline-3-methyl)methanethiosulfonate (MTSL) (Santa Cruz 
Biotechnology) was made in DMSO to a final concentration of 189 mM.  A gas-tight 
syringe was used to add ~ 1 µL of MTSL to the reduced CCP (~ 0.9 moles of MTSL to 1 
mole CCP).  The MTSL/CCP mixture was incubated at room temperature for four hours 
under a light stream of argon with occasional mixing.  A PD-10 column equilibrated with 
degassed 20 mM HEPES (pH 7.5) with 150 mM NaCl buffer was used to remove 
unreacted MTSL.   
A.2.6  Electron paramagnetic resonance.  Electron paramagnetic resonance was used to 
investigate the properties of the hemes in the CCP and the MTSL.  Spectra were collected 
using an X-band Bruker 900 spectrometer equipped with an ESR900 liquid helium 
cryostat.  For the CCP, EPR spectra were collected at 15 K, 0.1 mW, and with 
modulation amplitude of 10 G.  The MTSL spectra were collected at 100 K under the 
same microwave power and modulation amplitude.   
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A.3 Results 
 
Figure A.2.  Structure of Shewanella oneidensis cytochrome c peroxidase depicting the 
cysteine mutants introduced, where the loop 1 mutants are shown in green, loop 2 are in 
blue, loop 3 are in cyan, and a control mutant, G305C is shown in magenta.  The calcium 
ion is shown as the orange sphere.  PDB 3O5C.   
 
A.3.1 Purification of So CCP.  A number of So CCP cysteine mutants were introduced 
using site-directed mutagenesis to the three loop regions known to undergo 
conformational change upon reductive activation.  The mutants generated are shown in 
Figure A.2 and were loop 1 (in green): S77C, I78C, H81C, G85C, loop 2 (in blue): 
A119C, F126C, T127C, loop 3 (in cyan): N230C, N231C, N245C, and G305C in 
magenta.  All of these mutants have been purified.  Due to the exposed nature of the 
introduced cysteine residues, disulfide bonds formed over the course of the purification 
(Figure A.3A).  As can be seen in Figure A.3B, there are more bands in the SDS-PAGE 
gel following the S-200 clean-up than were present in the gel before the S-200.  
Additionally, all of the lanes in the S-200 fractions contain the same distribution of 
multiple sizes, indicating that the disulfide bonds are forming over time and, most likely, 
after elution from the S-200 column.  Further confirmation of the purity of the CCP was 
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achieved with optical spectroscopy to determine the purity index (Figure A.3C).  For So 
CCP with the MBP-tag successfully clipped, the purity index (A410/A280) should be greater 
than 3.  All of the cysteine mutants purified displayed purity indices > 3, despite the gels 
showing many bands.   
 
Figure A.3.  (A) 12.5 % SDS-PAGE coomassie-stained gel of clipped A119C from 
nickel column. (B) Coomassie-stained SDS-PAGE gel of clipped A119C elution from S-
200 size exclusion column.  (C) Optical spectrum of clipped A119C So CCP.  
 
A.3.2 Activity assays of So CCP cysteine mutants.  To ensure that these mutants are 
representative of the wild-type enzyme, activity assays were performed.  Only mutants 
with activity towards hydrogen peroxide would be subjected to the conformational 
studies via nitroxide spin labeling.  The wild-type So CCP displayed Michaelis-Menten 
kinetics with hydrogen peroxide, using horse heart cytochrome c as an electron donor.   
The kinetic parameters for So CCP were Km of 0.38 µM and kcat = 40.2 s-1 (kcat/Km = 
1.1x108 M-1 s-1).  The loop 2 mutant A119C displayed a Km of 0.32 µM and kcat = 3.6 s-1 
(kcat/Km = 5.7x106 M-1s-1).  Table A.1 summarizes the kinetic parameters determined for 
the cysteine mutants to date, where some mutants have resulted in a loss of activity.   
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Table A.1.  Michaelis-Menten parameters for activity assays of So CCP mutants with 
hydrogen peroxide and horse heart cytochrome c used as an artificial electron donor. 
So	  CCP	   Km	  (µM)	   kcat	  (s-­‐1)	   kcat/Km	  (M-­‐1s-­‐1)	  WT	  	   0.38	   40.2	   1.1x108	  S77C	   N/A	   N/A	   N/A	  I78C	   N/A	   N/A	   N/A	  H81C	   In	  progress	   In	  progress	   In	  progress	  G85C	   N/A	   N/A	   N/A	  A119C	   0.32	   3.6	   1.1x107	  F126C	   In	  progress	   In	  progress	   In	  progress	  T127C	   TBD	   TBD	   TBD	  N230C	   In	  progress	   In	  progress	   In	  progress	  N231C	   0.37	   2.1	   5.7x106	  N245C	   TBD	   TBD	   TBD	  G305C	   N/A	   N/A	   N/A	  
 
A.3.3 Spin labeling of So CCP cysteine mutants.  The conformational dynamics of So 
CCP in the oxidized and semi-reduced states will be investigated using nitroxide spin-
labeling studies coupled with EPR.  Due to the results of the gels suggesting the 
formation of disulfide bonds, DTT was added to the mutants to reduce the disulfide 
bonds to make them available to react with the spin label.  The DTT would interfere with 
the reaction with the spin label, so a PD-10 column was used to remove the DTT.  To 
prevent re-formation of disulfide bonds, the CCP from the PD-10 was collected in an 
anaerobic vial and immediately capped and placed under argon.  A sub-molar equivalent 
(~0.9) of spin label (MTSL) was added via gas-tight syringe to the CCP.  A sub-molar 
equivalent of label was used due to the dimeric nature of So CCP and the complications 
that could arise from spin-spin coupling between the labeled cysteine mutants on each 
protomer.  MTSL was used as the spin label due to its small size and the available 
rotamer libraries for the label.  Unreacted MTSL was removed by running the sample 
over a PD-10 column.   
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Figure A.4.  EPR spectra of (A) as-isolated, unlabeled and (B) MTSL-labeled A119C So 
CCP.  Data was collected at 15 K, 0.4 mW, with modulation amplitude of 5 Gs.   
 
A.3.4 Electron paramagnetic resonance.  EPR spectra of the as-isolated So CCP mutants 
and labeled mutants were obtained (Figure A.4A).  Spectra of the as-isolated samples 
were gathered to provide information on the electronic environments of the hemes in 
these samples.  As the samples were studied as-isolated, a mixture of spin-states were 
observed in the EPR spectrum, despite the UV-vis spectrum appearing to be diferric 
(Figure A.4A).  Additionally, the close proximity of the mutations to the hemes (< 25 Å) 
indicates that there could be coupling between the label and a heme center, perturbing the 
spectra observed.  Spectra were also collected for the MTSL-labeled cysteine mutants.  
The spectrum shows the heme signatures along with the radical signal centered at g = 2.0 
(Figure A.4B).  The spectra for the MTSL-labeled mutants were also collected at 100 K, 
as spin-labeling experiments are performed at room temperature (Figure A.5). The shape 
of the signal observed for the label is indicative of a label bound to a protein, as unreacted 
label is seen as a triplet.   
2000 3000 4000
Magnetic Field (Gauss)
2000 3000 4000
Magnetic Field (Gauss)
A B
	  	   162	  
 
Figure A.5.  EPR spectra of the MTSL-labeled (A) A119C So CCP and (B) N231C So 
CCP at 100 K.  Data was collected at 0.1 mW and with modulation amplitude of 5 Gs.   
 
 Further work required for these samples would be to add DTT, which will break 
the bond between the label and the cysteine residue, allowing for quantification of the 
extent of labeling.  Additionally, traditional spin-labeling EPR experiments are performed 
at room temperature.  To prevent frying of the sample under these conditions, capillary 
tubes are used as opposed to the traditional EPR tubes.  Capillary tubes have been 
purchased for this purpose, along with the beeswax, which is typically used to seal the 
ends of the capillary tubes.   
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